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ABSTRACT

We measured of the recoil momentum dependence of the d(e,e,n)p cross
section at a central q of 335 MeV/c. These measurments were part of exper
iment 85-05 at the Bates Linear Accelerator Center which also measured the
electric and magnetic form factors of the neutron, Gg and G ^. The exper
iment was run with a 444 MeV electron beam incident on a 5 cm target of
liquid deuterium. Outgoing electrons of different momenta were selected by
changing the dipole field of the electron spectrometer OHIPS which was at a
fixed angle of 47°. Neutrons were measured using an 1 x 4 array of mineral
oil scintillators at an angle of -57°. The recoil momentum transfer covered a
range of -43 to 165 MeV/C in six overlapping points. The kinematics were such
that extensive radiative corrections were needed and techniques for performing
these corrections are described. The shape of the cross section as a function of
recoil momentum was compared to and found to be in good agreement with a
nonrelativistic calculation which included final-state-interactions.

THE RECOIL M O M ENTU M D E P E N D E N C E OF
THE d(e,e'n)p CROSS SECTIO N

Chapter 1

Introduction and Motivation

1.1 Introduction

Our present understanding of the universe includes four fundamental forces:
gravity, the weak nuclear force, electromagnetism and the strong nuclear force.
Nuclear physics is an especially interesting field of study because all four forces
are manifested in nuclear systems. The electromagnetic interaction is the best
known of the forces, its strength is characterized by the fine structure constant
and has an infinite range. The interaction of charged particles via an electro
magnetic field may be described by the quantum theory of electrodynamics,
QED. The strong interaction has a range of ~ 10-15 meters and is responsi
ble for holding the constituents of nuclear systems together. The weak nuclear
force is responsible for the phenomena of beta decay and describes interactions
on the scale < 10“ 18 meters. Gravity is the most obvious of the four forces
and yet understood the least. The source of the gravitational force is mass and
the force acts over an infinite range. Studies of extremely massive systems such
as neutron stars, which perhaps can be considered as being massive nuclei,

Eire

an important source of the information needed to develop models describing
gravity.
Work by R. Hofstadter et at. W showed that the neutron and the proton
have spatial extent, i.e. they

Eire

not point-like particles. This spatial extent

makes it difficult to untangle manifestations of the internal dynamics of nuclei
from the dynamics of nuclear systems. The need to make this distinction is
especially difficult in many body systems, and so the study of few body systems,
t1) R. Hofstadter et al., Rev. Mod. Phys. 30, 482 (1958).

(2)
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such as deuterium, can assist in developing our understanding these dynamics.
The existence of this internal structure implies that there are spatial distri
butions of the charge and currents within nucleons. These distributions can be
characterized by form factors which describe the effects of these spatial distribu
tions. These may be written in terms of two linearly independent form factors,
Fi and F 2, which are known as the Dirac and Pauli form factors. The elec
tric and magnetic form factors of the neutron (Gg andGjJj respectively) and the
proton (G | andGj^ respectively) can be written in terms of the Dirac and Pauli
form factors and are known as the Sach’s form factors. t2i These form factors
are fundamental quantities which need to be accurately measured in order for
any model of baryon structure to be considered valid. Many experiments have
attempted to measure these form factors, but at present better measurements
are needed to constrain existing models. The proton form factors are in general
better known than the neutron form factors and as such there is at present
particular interest in higher precision measurements of the neutron electric and
magnetic form factors.
Studies of deuterium have yielded most of the experimental information
on the neutron form factors. Because the neutron is not stable, technology to
build high density free neutron targets has not been developed. Rather than
use elastic scattering from a free neutron, quasielastic scattering from a bound
neutron is used. The deuteron is the target of choice because it is the simplest
nuclear system, it is loosely bound, the wave function is quite well known for
recoil momenta less than 200 MeV/c, and final-state-interactions are thought
to be understood.
In order to extract the neutron form factors from deuterium, the underlying
reaction mechanism must be well understood. In the quasi-free approximation,
where all the momentum of the probe is transferred to the struck nucleon, the
reaction mechanism is simplified. Studies of the momentum distribution of deu-

W F.J. Ernst, R.G. Sachs and K.C. Wali, Phys. Rev. 119, 1105 (1960).
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terium by the d(e,e'p)n and d(p,2p)n reactions have yielded many insights into
nucleon-nucleon interactions. The deuteron wave function has been extracted
from previous measurements using these probes, and provides an important test
of the impulse approximation.
Experiment 85-05 at the Bates Linear Accelerator Center used the d(e,e'n)p
reaction to measure the electric, G |, and the magnetic, G ^, form factors of the
neutron. The underlying reaction mechanism for using an electron to knock
out a neutron from deuterium in a coincidence experiment is believed to be
well understood in the impulse approximation based on experiments using the
d(e,e'p)n and d(p,2p)n reactions. While the knowledge of the deuteron from
measurements using these reactions may be sufficient to extract the neutron
form factors, there is no prior test (to the best of our knowledge) of the under
lying reaction mechanism using the d(e,e'n)p reaction.
This dissertation describes a measurement of the recoil momentum depen
dence of the cross section via the d(e,e'n)p reaction as part of experiment 85-05.
The experiment consisted of three independent analysis of different por
tions of the data. An analysis of the electric form factor of the neutron has
been performed by T. Eden of Kent State University. M

The magnetic form

factor of the neutron was extracted by P. Markowitz of William & Mary. ^
This experiment was performed during the Spring of 1991 at the Bates
Linear Accelerator Center in Middleton, MA. The momentum dependence was
measured at six points extending out to a recoil momentum of 165 MeV/ c. This
measurement is the first measurement of the recoil momentum dependence of
the cross section via the d(e,e'n)p reaction to the best of our knowledge.

t3l The Electric Form Factor of the Neutron from the D(e, e',n) Reaction, Bates E85-05, R.
Madey and S. Kowalski, spokesmen.
M T. Eden, Ph.D. Dissertation, Kent State University, (to be completed).
i6l P. Markowitz, Ph.D. Dissertation, College of William & Mary, (1992).
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The momentum distribution of the d(e,e'n)p reaction must be understood
to allow the electric and magnetic form factors to be extracted. The momentum
distribution of the deuteron is thought to be well understood via measurements
made using other reactions. These measurements have all been made by de
tecting a knocked-out proton. The same momentum distribution should be ex
tracted whether a knocked-out neutron or proton is detected. Protons are easier
to measure than neutrons because, for example, it is possible to use magnetic
spectrometers to accurately measure the momentum of a proton. Time-of-flight
(TOF) techniques must be used to extract information about the momentum
of neutrons. The difficulty of performing experiments involving the detection
of a neutron knocked-out of the nucleus via electron scattering has prevented
the prior use of this technique.

Knowledge of the role of processes such as final-state-interactions and
meson-exchange-currents for coincidence measurements using electron scatter
ing is not complete. A direct measurement of the momentum dependence of
the d(e,e'n)p reaction would allow for improvement of models describing these
processes. While the momentum distribution obtained via the detection of
a knocked-out neutron should be identical to that involving the detection of
a knocked-out proton in the Impulse Approximation, no direct measurement
exists to test this assumption.

If the considerable experimental difficulties involved detecting the knockedout neutron can be overcome, additional information on the role of final-stateinteractions, the role of radiative corrections (to account for the emission of a
photon by the electron) and of the momentum distribution of the deuteron can
be obtained. This experiment succeeded in determining the recoil momentum
dependence of the d(e,e'n)p reaction. The partial success of this measurement
in overcoming the experimental difficulties will be discussed in Chapter 5.
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1.2 Motivation for Performing Electron Scattering

There are several important reasons why electron scattering is a valuable
technique for studying nuclear structure. These reasons have been described in
detail elsewhere, ^

and axe briefly discussed below:

1) The interaction between the electron and the target nucleus is described
by Quantum Electro-Dynamics (QED). QED allows precise calculations to be
made to describe this interaction. The fact th at the electron has no internal
structure allows the current of nucleons to be measured in electron scattering
experiments. This is possible because scattering involving point-like particles
is well understood in QED.
2) Electrons are weakly interacting and as such allow the nuclear system to
be probed without greatly disturbing its structure. The strength of the in
teraction between the electron and a nucleon is of order a, where a is the fine
structure constant (~ 1/137). The weak coupling of electrons with nuclei allows
a theoretical description of this process to be made in the one-photon-exchange
approximation. In order to compare calculations made using this model with
experimental results, smearing of the energy eigenstates by radiative processes
involving the emission of a photon must be treated. This smearing results in
a non-local current for the electron and infinities for every order of a arise in
the calculation of the corrections needed to the experimental data. These in
finities are treated by using renormalization theory and a comparison between
theoretical models and experimental results may then be made.
3) Electrons also have the advantage that for a fixed value of the energy trans
fer u, the three-momentum transfer q can be varied so as to allow the entire
range of q2 to be studied. The only restriction in this process is the fourmomentum be space-like (q2 = cu2 — <j* < 0). This is in contrast to studies
involving real photons where the constraint that the mass of the photon be
t®) T. deForest Jr. and J.D. Walecka, Adv. Phys. 15, 1 (1966).
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zero allows for only a single momentum transfer. The independent varying of
w and q allows the spatial distributions of the transition charge and current
densities (via Fourier transforms) to be studied.
In summary, as discussed above, the advantages of using electron scatter
ing to study nuclear systems allow for a direct relation to be made between
the cross section for a scattering process and the electromagnetic current of a
nucleon. This current arises from the motion of the charged quark constituents
of the nucleon. This direct relationship between nuclear theory and a physi
cally measurable quantity, the cross section, provides an important test of our
knowledge of Quantum Chromodynamics (QCD).
There are however several im portant limitations to electron scattering:
1) The weakness of the electromagnetic interaction results in cross sections
which are much smaller than those using hadronic probes. The difference in
the size of the cross sections goes as 1 /a 2, so electron scattering experiments
are often more difficult to perform than experiments using other probes. This
limitation has given rise to high-duty-factor and high-current electron accel
erators such as those at Mainz, the Bates Linear Accelerator Center, and the
Continuous Electron Beam Accelerator Facility (CEBAF).
2) An electron may radiate a photon before or after its interaction with the
nucleus. The existence of this radiative process means that the current mea
sured is non-local. The non-local character of the current can in principle be
treated exactly by the use of renormalization theory. The current is smeared
by the radiation and the falloff can be described by a characteristic 1/ cj falloff.
I7]

The smearing results in a radiative tail which needs to be removed in

order to determine the true cross section. A discussion of radiative corrections
can be found later in this dissertation.
3) While the electrons do interact weakly, the Coulomb force does have an

i7! H.A. Bethe and W. Heitler, Proc. Roy. Soc. (London) A 1 4 6 , 83 (1934).
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infinite range which leads to a distortion of the electron wavefront. This has
lead to the development of models which use distorted-wave calculations to
handle the effects of this distortion.
4) Meson exchange currents are large at high recoil and are difficult to evalu
ate.
Inclusive electron scattering consists of measurements where only the scat
tered electron is detected. Figure 1.1 shows a typical electron scattering spec
trum where the horizontal scale is the energy transfer, w. The elastic peak is the
result of processes where the target nucleus remains in the ground state after
interacting with the electron. Then there are a series of inelastic peaks which
correspond to the excitation of bound nuclear states. The “giant resonance”
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region results from the collective excitation of resonances resulting from the
emission of nucleons. The quasielastic peak corresponds to the knock out of a
single nucleon from the nucleus by the electron. Beyond this region we see the
dip region, the delta resonance region and finally the "deep inelastic” region.
The data taken in this experiment were in the region of the quasielastic peak.

1.3 P ro b e s o f th e M o m en tu m D istrib u tio n

Reactions that result in a nucleon being knocked out of the nucleus pro
vide a convenient method for studying the momentum distribution of nucleons
within nuclei. The electron and the proton are useful as probes of the momen
tum distribution and are frequently used via the (e,e'p) and (p,2p) reactions.
Previous studies of the momentum distribution via these reactions will be dis
cussed. Because no previous measurements of the momentum distribution via
the (e,e'n) reaction exist, it is not possible to compare the present results to
prior work which used the same reaction.

A number of studies of the deuteron momentum distribution have been
performed using the (p,2p) reaction. Scattering using a proton via (p,2p) has
the advantage of a much larger cross section (by a factor of ~ 1/a than for
(e,e'p) scattering. But proton scattering has the considerable disadvantage of
being more model dependent because knowledge of the wave function for the
proton is required in order to extract the momentum distribution. The results
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of previous experiments [8I9Ii°In I12I13] to extract the momentum distribution
via the (p,2p) and (e,e'p) reactions are presented in Table l . l J 12!
T able

1 .1

Ratios R of experimental to theoretical momentum densities.

Reaction

Incident
Energy
(MeV)

Maximum
Recoil
(MeV/c)

(P ,2p)

600

370

0.84 ± 0.04 [6]
(< 25%)

(P»2p)

585

425

0.87
(unknown)

(p>2p)

800

350

0.89 ± 0.04 [8]
(± 10 %)

(e,e'p)

500

340

0.82 ± 0.02 E9]
(± 10%)

(P ,2p)

508

674

0.93 ± 0.004 [10]
(± 1 .8 %)

(e,e'p)

511

170

0.94 ± 0 .0 2 [11]
0.91 ± 0.04
(< 5.7%)

Ratio R

Reference

[7]

Studies of deuterium via single-arm or coincidence measurements have
yielded a great deal of fundamental information on nucleon-nucleon interac
tions, nucleon form factors and meson exchange currents. Coincidence d(e,e'p)n
[fl] C.F. Perdrisat et al., Phys. Rev. 187, 1201 (1969).
M T.R. Witten et al., Nucl. Phys. A 254, 269 (1975).
I103 R.D. Felder et al., Nucl. Phys. A 264, 397 (1976).
0 0 M. Bernheim et al., Nucl. Phys. A 365, 349 (1981).
[is] v . Punjabi, Ph.D. Disseration, William and Mary, (1986), unpublished.
1131 M. van der Schaar, Ph.D. Dissertation, University of Utrecht, (1991), unpublished.
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experiments with quasi-free kinematics provide a relatively straight forward
technique for measuring nucleon momentum distributions in deuterium.

^141

Plots of the extracted momentum distribution in deuterium via coincidence
d(p,2p)n and d(e,e'p)n measurements are shown in Figures 1.2,1.3 and 1.4. Fig
ure 1.2 is from the work of V. Punjabi et aM12i using the d(p,2p)n reaction and
shows good agreement with the impulse approximation at recoil momenta less
than 200 MeV/c. Figure 1.3 is from a d(e,e'p)n measurement by M. Bernheim
et a /J11! and shows missing strength at the zero recoil point. Figure 1.4 shows
the work of M. van der Schaar et a/J13l using the d(e,e'p)n reaction and shows
good agreement with the impulse approximation.
The next chapter, Chapter 2, describes a model for interpreting the coin
cidence cross section and performing the radiative corrections. An explanation
of how the experimental equipment was used in this measurement is provided
in Chapter 3. Chapter 4 explains how the data analysis-was performed. The
results of this analysis and comments on these results are presented in Chapter
5.

t14l M. Bernheim et al., Nucl. Phys. A 412, 509 (1984).
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Chapter 2

The d(e,e'n)p Reaction Formalism

This chapter will develop the formalism of electron scattering from a nu
cleon and use this to discuss the coincidence cross section in the impulse ap
proximation. A non-relativistic model of deuteron electro-disintegration which
includes effects resulting from meson-exchange currents, isobar configuration
and final-state interactions which has been developed by H. Arenhovel will also
be discussed.^16) Radiative corrections to this cross section will be explained and
a computational technique for calculating the radiated d(e,e'n)p cross section
will be presented. In the quasi-free limit, the momentum of a nucleon before
being knocked out of the nucleus, q is related the momentum of the residual
nucleus, p r, by the simple expression q = —pr. The development of this formal
ism will allow for a discussion of the results of this measurement of the recoil
momentum dependence of the d(e,e'n)p cross section in Chapter 5.
2.1 Electron Scattering from a N ucleon

It is necessary to begin with a discussion of electron scattering in the onephoton-exchange approximation. A Feynman diagram of this process is shown
in Figure 2.1.
The coupling at each vertex is proportional to ^/at, where a is the fine
structure constant (~ 1/137). Because two-photon exchanges are suppressed
with respect to one photon exchange by a factor of a , the above approximation
will be considered sufficient at this point in the discussion.
The convention of Bjorken and Drell will be used. This derivation follows

(15)
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2 .1

Electron scattering £rom a proton

the work of T.W. Donnelly (15J

. Lower case letters will be used to indicate

the magnitude of three-vectors, a = |A|, b = |B|. Capital letters will be used
to denote four-vectors, A^ = (A0 ,A) and

= (B°,B). The four-vector scalar

products are A^B^ = A • B = A°B° - A-B. Summation over repeated indices is
implied. Scattering from a free nucleon will be developed first, the development
will make specific reference to a proton, but the changes required to describe a
neutron are straightforward.
The incident electron will be denoted by K^, the scattered electron by K 'M,
the proton before scattering by P** and the scattered proton by P 'M. The photon
has momenta Q** = K '1 - K ,fi. Conservation of energy requires tha,t

= P ,;1

- P*1. The energy transfer is written u) = Q° and the three-momentum transfer
q = |Q|. The mass of the electron is me, while that of the proton is Mp. It

lls l. Symmetries in Nuclear Structure, edited by K. Abrahams, K. Allaart and A.E.L.
Dieperink, Plenum Press (1982).
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= m 2, K '2 = m2, and that P 2 = P '2 = M |. These

definitions imply that the virtual photon must be spacelike.
Q2 =

= u>2 - q2 < 0 - |q| > w

(2 . 1 )

The invarient matrix element for the diagram shown in Figure 2.1 can be
written as:
V; K, A)pjp(P ', A’; P, A)"DF(Q )p.

M s =
e

( 2 .2 )

P

The photon propagator, Dp(Q)^t. —qPv / —Q2 represents the virtual photon
which is exchanged between the electron and proton.
The incident electron has momentum K and helicity A. The electron spinors
are denoted as ue and ue. The charge of the electron is denoted by -e. The
transition current for an electron in a state of momentum K to a state K'
is described by j e(K', A';K, A)p. Because the electron is a Dirac particle, its
electromagnetic current may be written as:
j.(K ',A ':K ,A )p = - e ( ^ ) * u , ( K ', A 'f r p U . ( K , A )

(2.3)

The electromagnetic current of the proton assuming it is a Dirac-like par
ticle with extended charge and current distribution may be written as:
jp (P ',A 'iP ,A )p = + e ( M ^ ) i iip(P',A ')r'‘Up(P, A)

(2 .4 )

The proton spinors are written as up and up.
The differential cross section in the lab frame is:

d"<Ub) - ? ( r ) p M

^ s y ] [ i w ] * 4 (k + p - k' - p’)
(2.5)

The average over initial and sum over final states is indicated by ^ i{, and
/3 = k/s.
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Let us assume that we are in the extreme relativistic limit for the electron
»

me). If we further assume that we are in the non-relativistic limit for

the proton (p' «

Mp) then we can write the scattering amplitude as:

£ l M i |2 =

K V W p„(P'; P r

(2.6)

To consider the case in which only the scattered electron is detected and
the knocked-out nucleon is not detected we must integrate over the nucleon’s
phase space. After performing this integration, the cross section can be written
as:

( * ) ^ , = ( ^ ( r ) f'“"“p ^ i

2

<2J>

The electron tensor:
■(‘“'(K'jK)™ ,, = - L [ K X + K'pK, - g„„(K • K' - m 2)]

(2.8)

is a second-rank Lorentz tensor which is symmetric under the interchange
(/* -♦ *>)•
The cross section for electron scattering from a point-like spinless particle
is:
(a fe ),
= frecoilCMott
\ / teie ;

(2.9)

where the recoil factor is
e'
frecoil —
2 8.
= e_ — ,1 +, 22tW• &

(2.10)

The M ott cross section, UMott for a point-like charged particle is:
« —

(

S

W

» ■ »
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2.2 N ucleon F o rm F actors

The nucleon current operator,

can be written in various forms, but in

general it can be shown that it is a function of at most two form factors:
r p = F 1(Q2)7p + F2^

i

( 2 .12)

J S ( Q )= (k ,|F l 7 p + F 2 ^ ^ | k , )

(2.13)

The spatial distribution of the charge and currents in the nucleon can be
described by two quantities known as the Dirac and Pauli form factors, and
written as Fi and F 2. In the limit that Q2 —* 0, Fi is the charge Z of the
nucleon, and F 2 is the anomalous magnetic moment,

k

of the nucleon:

Fi(0) = ZPfU

(2.14)

F 2(0) = Kp,n
where Z — + 1 for the proton and

0

for the neutron.

After calculating the spin-averaged traces, the electron-nucleon cross sec
tion can be written:
dodfie

a 2 cos2 | E !
F2 +
4E 2 sin4 f ~E

+ 2 t|F i -f F 2|2 tan 2 ^
(2.15)

= < W .W l l ( f ? + F? + 2 r|F i + F 2|2 tan 2 | )
where r = Q 2/4M 2. It should be pointed out that the above expression for the
form factors is not unique, and that any linearly-independent combination of
the two form factors Fi and F 2 forms an equally valid expression. For the case
of a pointlike particle, this reduces to:
dodfi-

a 2 cos2 j E'
4E 2 sin 4 | E"

Q

p , n

+

K p , n

9
+ 2r|Q P)n + Kp,n| tan -

(2.16)

As was pointed out above, other parameterizations of the form factors are
equally valid. If the contribution of the photon is decoupled into longitudinal
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Diagrams contributing to the electromagnetic current of a proton

and transverse helicity components, the cross section can be written as:
d<r _ a2 cos2 | E ' [ G 2e + t G I
— + 2 tG m
4E 2 sin4 | E
1+ t
= °mott/recoil

ta n 2 11

(2.17)

+ 2tG M tan2

Here G e is the electric form factor and Gm is the magnetic form factor in
this parameterization, and together they are known as the Sachs form factors.
These form factors may be written in terms of the Dirac and Pauli form factors
as shown below:
Ge = [Fi - t F 2] -» Qn,p (as Q2 -» 0 )
(2.18)
Gm = [Fi + F 2] —►/itt(p

(as Q2 —►0)

It should be noted that Ge reduces to the nucleon charge and that Gm reduces
to the nucleon magnetic moment in the limit of Q2 —►0 .

2.3 E le c tro n S c a tte rin g from a P hysical D irac N ucleon

Equation 2.19 describes the current for the proton as shown in Figure 2 .2 a.
Figures 2 .2 b and 2 .2 c show other contributions from additional diagrams.
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The electromagnetic current for a physical Dirac proton can be written as:

jp(P',A';P,A)» = + e ( ^ ) i up(P',A')[7'‘Ff(Q2)+
.
VEE J
5 jL_<
7 ^ Q i,K ^ ( Q 2)]up(P,A)

(2.19)

The Dirac and Pauli form factors Fi and F 2 are normalized such that
F£(0) — Fj(0) =

1

. Because this dissertation concerns itself with the analysis

of an (e,e'n) cross section, it is necessary to show how to make the substitution
between a proton and the neutron in Equation 2.19. This is accomplished in
Table 2.1.
Parameters for conversion between proton & neutron in Eqn. 2.19.

Parameter
Mass
Magnetic moment
Spinors
Form Factors
Charge

Proton
Mp (938.272 MeV/c2)
« p (1.79)
Up, Up
F?(0) = Zp
F§(0) = Kp
Zp = 1

Neutron
Mn (939.567 MeV/c2)
«“(-!.91)
Un,Un
F?(0) = Zn
F£(0) = «n
II
O

Table 2.1

Using this current for a physical nucleon in Equation 2.19 will result in the
Rosenbluth cross section for electron scattering from a nucleon.

2.4 T h e C oincidence C ro ss Section

In a coincidence electron scattering experiment, an ejected particle is de
tected along with the scattered electron. The ejected particle may be a nucleon
(e,e'N), a pion (e,e'ff), or a complex fragment (e,e'd). These measurements
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F ig u re 2.3

Kinematics for the (e,e'N) reaction

axe referred to as exclusive measurements. The following section outlines the
derivation of th e coincidence cross section.
Figure

2.3

shows the kinematics for the (e,e'N) reaction. The momentum

transfer and th e virtual photon are along the Z-axis. The electron scattering
occurs in the XZ*plane- The detected nucleon, along with an undetected nucleon
(or fragment) lie in a plane which makes an angle <f>x with respect to the XZplane. The reaction proceeds as follows: an electron of momentum K strikes
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a nucleus having momentum Pi and scatters with momentum K'. A virtual
photon of momentum Q is absorbed by the nucleus, giving the nucleus a total
momentum of Pf. This total momentum is carried by an ejected nucleon of
momentum P and a residual nucleus with momentum Pf - P. Momentum is
conserved at the vertex such that:
QP = KP - K'** = P f p - P /

(2.20)

The hadronic vertex in the one-photon exchange approximation can be
described by six independent scalar quantities. These are; Q2, P 2, P2, Q • Pi,
Q • P, P • Pi. Because the masses of the initial nucleus, Mi and the the residual
nucleus, Mx are known, we can express two of these scalar quantities as P 2 =
M2 and P 2 = M2. The following relations for the remaining scalar quantities
in the laboratory system are shown below:
Q • Pi = a>Mi
P *Pi = ExMj
Q P = QoP n- -Q -• P

(2l21)

= wEx —qpcos#x
where 9X is shown in Figure 2.3 and the total energy of particle X is given
by Ex = -y/p2 + M2. Using these expressions, we may write the nuclear elec
tromagnetic tensor as:
= Xig"1' + XaQ^Q" + X 3PfPf' + X4P ,*PI;
+ X sQ 'T f + XePfQ*' + X7Q',P v + X8P^Q*'

(2 .22 )

+ X9P MP ? + X io P fP ,' + ...
where the Xi are functions of the four independent scalar quantities ex
pressed above in Equation 2.22. The six independent scalar quantities form
six equations in the 10 unknowns Xj where i = 1 —►10. Solving these equa
tions results in four response functions describing this scattering. Defining two
four-vectors:
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<2-24>

= 0. Only the symmetric terms of Equation 2.22

remain after it is contracted on the electron tensor. Current conservation and
gauge invariance allow us to express the response functions as:
= —W i ( g T ~

Q^CT
Q2 -

+ W aS^S"

(2 25)

+ W sT^T" + W ^ T " + T #'SV)
Using the expression for the electron tensor given in Equation 2.8, and
combining it with the nuclear tensor in Equation 2.19, we find the cross section
is related to the interference terms in the following manner:

^ ( K ';

~ W = vLWL + vTWT

(2.26)

-f- v ttW ttc o s 2 ^x + v tL W tlc o s^ x
The interference terms are defined as:

_

( Q 2x2

-(£)'
TTS- 5 ©
VTT

+tan!4 )

. . J 2n

VTL s ^

©

<2'27)

/ "

©

+ t“ 24 )

The subscripts “T ” and “L” respectively correspond to the transverse and
longitudinal interference terms. The cross section for unpolarized electron scat
tering in the relativistic limit for the electron may finally be written as:
1
/
d3cr
\ lab
^
=
^
(2.28)
Mj C^MW
-dfiedflvdE. :/ (e, e'x)
The dependence on the angle 4>x is given by the factors of cos <f>x and cos
2^x m Equation 2.26.
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2.5 Calculations o f th e Coincidence Cross Section

H. Arenhovel has developed a non-relativistic model for describing deuteron
electro-disintegration.

The model includes effects arising from final-state

interactions, isobar configurations and meson-exchange currents. His model can
be used with standard parameterizations of the nucleon nucleon interaction such
as the Paris potential.
The coincident cross section in the hadronic center-of-mass framework can
be written:
dulabd f t^ d f l‘-m~ = C ( poofo° + p u f n + Paif ° i coa<f>iip” ' + A»-ii/-n°os 2 ^ * )
“P
(2.29)
The p’s represent kinematical quantities which can be expressed as:
POO = Q 2 | ^

fill = j W

+
(2.30)

fin-Q -\j —
P' n =

C is the constant:

(2.31)

tt Q4 k\ab

6 2

t1Q] w.

Fabian and

H. Arenhovel, Nucl.

Phys. A 314,

I17l M. Lacombe et al., Phys. Rev. C21, 861 (1980).

253 (1979).
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are given by:
Q
(2.32)

^ ab)2

= tanJ ( k )

The quantities defined previously by Donnelly can be related to those de
fined by Arenhovel by the following expressions: i18l

Q2
PM =

1
2

Q
2 t a n j VT

pn

Q1
p - n

(2.33)

=

Q1
P0‘ =
and the structure functions are written as:
Too =

q2 W l

h i =

- q T ”Wt

127t2o:
127r2a

/_ n

(2.34)

= —q J —W T t

r

12

701 =

— Q 2 — W LT

ir2a

The plane-wave-impulse-approximation (PWIA) expressions of the struc
ture functions can be written in terms of the Sachs electric G e , and magnetic
Gm form factors:

t18l E. Hummel, Ph.D. Dissertation, Rijksuniversiteit Utrecht, (1991), unpublished.
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/oo = 3pcmM pG |u 2(p)
f u = 3 ^ ( G | p c2n sin2( C ) +

2

®M<lcm)u 2(p)
(2.35)

f-n = - 3 ^ s m

(6“ )G |u 2(p)

2

foi = - 6 v/2pctns i n ( ^ ) G |u l2(p)
where pcm is the center of mass momentum.

2 .6

R ad iativ e C o rrectio n s

It is necessary to make corrections to the electron-nucleon scattering cross
section to account for the electron radiating a real or virtual photon before or
after interacting with the nucleon. The Feynman diagram for electron-nucleon
scattering without radiation is shown in Figure 2.4a. Radiative corrections
for the neutron will not be considered here because the neutron is much more
massive than the electron: therefore, it is much less likely to radiate.
In order to compare the results of a measurement with theory^ one of two
approaches to dealing with radiative corrections must be taken. The theoret
ical model can be modified such that a description of the radiative process is
included in the calculation. It is also possible to “unfold” the effects of the radi
ation from the data and compare “unradiated data” with a model that does not
include radiative effects. While the second approach has the advantage of being
less sensitive to the model, the very large beam time requirements involved in
such an “unfolding” made such a technique unworkable in this experiment. The
difficulty in the first approach, as chosen for this experiment, is that theorists
rarely “radiate” their models.
A description of the electron-neutron radiative process will be provided
in the following sections and the process by which the theoretical model was
“radiated” will be explained.
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2.6.1 T he Scattering P rocess with Radiative Effects

In the presence of radiation, the current of the nucleon can be written as:

The nonlocal nature of this current must be handled by using renormal
ization theory. If the radiated gamma ray is not detected, then an integration
over the phase space must be performed. The transition probability, r„ , for
radiation of real photons, as shown in Figures 2.4(f - g), can be expressed as a
function of three independent parameters:

t, _
’

( d k \ /rA'“' ( k - s , k - p , s - p ) ( B ^ ( k - s , k - p , s - p ) ,
h \* ° ) \
( k- s ) 2
v J v
.
( ^ ( k • s,k • p ,s • p n
(k • s)(k • p)
J

( k - p )1

+

,
,
(2.37)

This integral is logarithmically divergent in the limit of A —* 0.
The Feynman diagrams for electron-nucleon scattering with the emission of
a virtual photon, as shown in Figures 2.4(b - d), corresponding to emission and
reabsorption of virtual photons which results in a logarithmic divergence which
cancels the soft-photon emission divergence. The result is a renormalization of
the electron charge or mass. Figure 2.4e shows vacuum polarization and results
in a renormalization of the photon propagator.
The probability of the electron radiating more than one photon is of order
1 /a, where a is the fine structure constant. Typical higher-order processes are
shown in Figures 2.4(h - i). In the soft photon limit they lead to an exponen
tiation of the Schwinger corrections. These processes will not be considered
further.
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a

e

h

I

F ig u re 2.4 Diagrams for electron scattering without (a) and with (b - i)
the radiative emission of photons. The diagrams (b-d) renormalize the electron
charge, mass and the photon propagator (respectively). Diagrams f) and g)
contribute to the radiative tail when E 7 > AE and to the Schwinger correction
when E 7 < AE. Higher-order processes are shown in diagrams (h - i).
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The emission of real photons can be divided into two classes for computa
tional purposes. For events where the energy of the emitted photon is small
(i.e., less than the energy resolution of the experiment, AE), the radiative pro
cess cannot be distinguished from the case where there was no emission of a
photon. This emission of a low energy photon is known as the soft photon cor
rection. The radiative tail observed in electron-nucleon scattering results from
the emission of high energy or “hard” (> A E) photons.
The photon may be emitted before and after the d(e,e'n)p vertex. Because
the radiated photon was not detected in this experiment, the kinematics must
be inferred from the measured or “spectrometer” values of the electron and neu
tron. From a knowledge of the initial electron four-momentum along with the
final electron and neutron four-momenta, the reconstruction of the kinematics
of the electron-nucleon vertex may be accomplished. The incident electron e,
and the target nucleus D, comprise the initial system. The final system consists
of the scattered electron ef, the detected neutron n, the undetected proton p,
and the radiated photon 7 .

e + D —>e' + n + p +

(2.38)

7

Eliminating the unmeasured proton gives:
P 2 — Mp = (e + D - e' - n -

(2.39)

7 )2

for radiation after,7 ||e', and we make the approximation e\ = (e' +
0

7 )2

a

where ez is the final electron four-momentum after scattering but before

radiation, yielding the linear equation;
e • (e + D —n) = (e + D —n )2 —m 2

(2.40)

2 2

likewise for radiation before scattering, we define ei = e -

7

, with e2 cz

0

yielding;
2ej ■(D - n - e') = -(D - n - e') 2 + m 2

(2.41)
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The “spectrometer” values of the electron initial and final momentum are S
and P respectively. The peaking approximation

assumes that the radiated

photon is emitted in a direction parallel to that of the electron. The energy
transfer, u, of the electron in the presence of radiation is:

—►w —7

(2.42)

The momentum transfer in the presence of radiation is written:
(before);
\

5

- -E ,P /|P |,

(after)

The least model-dependent technique for performing the radiative correc
tion involves measuring the coincidence cross section for electron-nucleon scat
tering over a broad kinematical range and performing a radiative unfolding of
the data. Use of this technique in coincidence measurements is rare because
a large amount of beam time is required to collect the data, and the energy
of both the electron and neutron must be measured independently with high
accuracy. The scarcity of beam time and poor neutron energy resolution in this
experiment lead to the “radiating” of the theory.

2.6.2 T he Radiative Cross Section

A model describing d(e,e'n)p scattering was used to allow the calculation
of the cross section. The cross section for the radiated cross section is six
fold differential and the cross section for the unradiated is five-fold differential.
Because it was not possible to form a ratio of the cross sections, yields for
the radiated theory and the unradiated theory were calculated and the ratio of
these two yields was compared.

I19)

L.I. Schiff, Phys Rev. 87, 750 (1952).
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The Monte Carlo program MCEEP was used to average over the experi
mental acceptances. MCEEP populates the experimental acceptances for the
four-fold differential cross section as differential in Pn; the calculated cross sec
tion, which was differential in E7, was converted to one differential in P n.
MCEEP uniformly populated the electron and neutron acceptances in angle
and momentum. The cross section can be w ritten in a manner similar to that
of Borie and Drechsel: (201
1
d^gdQpdc^gdi^

dEy
d£ledQpdu>edEy dPn
dV o(E o ^ K ^ E f )
d3aQ(E 0, E f + E y)
B
3 + A
dSledSlpdu)e
b

d4 <7

A
(2.44)

The first term gives the contribution for radiation before the d(e,e'n)p ver
tex. The second term gives the contribution after the vertex. The Jacobians
J b and J a are required to go from the cross section differential in E7, to the
four-fold cross section differential in P n as used by MCEEP.
9E 7
0 Pn -

Jb

(before)

Ja

(after)

(2.45)

The prescription due to Mo and Tsai (211 was used to calculate the probabil
ities Ta and Tb of radiating a photon of energy E 7 before or after the vertex,
respectively:

\ wmax /

Ws
WS
r A. / . ( * _ ) - i
\ wmax /

wp

lsol E. Borie and D. Drechsel, Nucl. Phys. A.10T, 369 (1971)
t21l L.W. Mo and Y.S. Tsai, Rev. Mod. Phys. 41, 205 (1969).

(2.46)

Chapter 2: The d(e}e'n)p Reaction Formalism

33

where
2a
t0 = —

7T

,,
-— F
WS,P
tjy

K t)-

1

+ b t thick

(2.47)
'
'

^m ax = \ / E s E p

The incident electron energy is Es, and the final electron energy is Ep. The
energy of the photon (E7) is ws for the emission of radiation before the vertex,
and wp for the emission of radiation after the vertex.
The exponentiated Schwinger correction handles emission of virtual and
soft photons at all orders:
2

S° ~

a

'i3,„ (z£\ - If
.12

U

i

9.

(2.48)

The magnitude of the straggling effect of the electron in the target, tthick,
can then be similar in magnitude to the size of the radiative correction. At these
moderately high electron initial and final energies, the only electron energy at
tenuation of importance is from bremsstrahlung radiation (i.e., ionization can
be ignored). For the same reason, the bremsstrahlung cross section can be
computed^7! with complete screening except near the tip of the bremsstrahlung
spectra (Ey —* 0). The only further assumption used is that on the average the
scattering occurs in the center of the target (i.e., half of the internal bremss
trahlung is from the target before the electron-nucleon interaction and half after
the interaction).
b=

3

(! + g z + f in (183Z“ 1/3)^

^*49^

and

_ ln(1440Z~2/3)
5
ln(183Z -‘/3)
^
^
For deuterium (Z = l), £ = 1.396 and b = 1.357. The 5.062 cm of deuterium in
the target cell, which will be described in Section 3.2, had a thickness of 0.0070

radiation lengths.

taal J. Schwinger, Phys. Rev. 78, 790 (1949).
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Parameters for calculation of cell wall radiative thickness.

Element

z

?

b

Co
Cr
Fe
Ni
Mo
Mn
C

27
24
26
28
42
25
6

1.237
1.242
1.237
1.232
1.206
1.239
1.318

1.369
1.369
1.369
1.369
1.371
1.369
1.364

P
(g /« n 2)
8.90
7.19
7.87
8.90
10.2
7.33
2.27

fraction of target
(by mass)
0.400
0.200
0.159
0.150
0.070
0.020
0.001

Xo
(g/cm2)
13.62
14.94
13.84
12.68
9.801
14.64
42.70

The parameters in Table 2.2 were calculated using Equation 2.50 for £, b
was calculated using Equation 2.49, p is the density, t23l
length t24l

and t, the thickness of both walls, is

0.0102

Xo is the radiation

cm.

The contribution of the cell walls t ceii was calculated by:
tcell = ^ 3-^ 5 7 )

b ( ^ “ ) fraction of target

(2.51)

= 0.0066
The total radiation thickness of the deuterium and cell walls in the target
is 0.0070 + 0.0066 = 0.0136 radiation lengths.
The low energy part of the radiative correction (the soft photon correction)
was calculated using Equation 2.46 in a similar manner. If the computed energy
of the photon, I?7, is less than some cutoff A, the probability of radiating a
photon of energy E 7 is:
r = ( ^ X - ) toi l
Wmax

(2.52)

I23] CRC Handbook of Chemistry and Physics, B-5, 65th Ed. (1984).
Y.S. Tsai, Rev. Mod. Phys. 46, 815 (1974).

I
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For computational purposes, this posed a small problem. The majority of
the correction comes at very small photon energies,

<

1

eV. Because the

acceptances are uniformly populated, the problem boils down to a sampling
problem. The very low photon energies are not populated. To correct for this,
the low energy correction was integrated, from 0 MeV to the cutoff A (typically
this number is on the order of one MeV).

<r > =

Jo

“W

f253,

= (—
) * ±A
w m ix
For photon energies less than A this definition of (r) was used instead of Equa
tion 2.46 in the calculated radiated cross section, Equation 2.44.
In order to calculate the radiative tail, it is necessary to calculate the cross
section in the absence of radiation, (To. The model chosen for the coincidence
(e,e'n) cross section was the factorized PWIA expression:
apw ,A = JQ'dSi°,L f c m =

e"-)

(2'54>

where the kinematic factor, K , and the half off-shell electron-neutron cross
section, crep, were taken from de Forest^32) ( “C C l” prescription) and the spectral
function is given by:
(2.55)
with 4>{pr) given by a measured momentum distribution.

The symbol

f( e m) denotes the missing energy distribution of the coincidence cross section
and for deuterium is given by a delta function at 2.2 MeV:
/(e m) = <5(2.2- e m)

(2.56)

where 6(0) = 1. (This is derived from energy conservation: em = ea + E 7 where
ea is the (positive) binding energy of the shell labeled by a.) Then the above

[25] p Krautschneider, Ph.D. Dissertation, Bonn University, BONN-IR-76-37 (1976).

Chapter 2:

The d(e}e'n)p Reaction Formalism

36

expression reduces to:

^

=

( 2 -5 7 )

This cross section gives results for our kinematics that are consistent with those
in the more complete theoretical model described in Chapter 5.

2.6.3 T h e U ncertainty in the Radiative Correction

The radiative correction described in the previous section can be param 
eterized as an exponential, es. The uncertainty in the radiative correction at
the top of the quasielastic peak was estimated by assuming it was dominated
by the choice of the parameterization for the form of the correction. The cor
rection could have been calculated in the first Bom approximation as being of
the form (1 + 6) rather than using the form of an exponential. The uncertainty
in the radiative correction was estimated by examining the difference in the
magnitude of the correction using the two prescriptions.

efi- ( l + 6) = ( l + 6 + - f + -j- + - j + ...) - ( 1 + 6)

21 31
63
6^
2! + 3 f + 4T +

_ 62
“

41

(2.58)

K

}

" '

Keeping the leading order term, the uncertainty becomes |y. The expo
nentiation is correct only in the limit u> -> 0. For large w the difference between
the exponentiated and first Born approximation results is a measure of the er
ror in the radiative correction. The peaking approximation has been defined
in a m anner that gives the exact result for small u> in addition to giving the
dominant contribution to the radiative correction. The uncertainty in the ra
diative correction increases for larger recoil momenta. The correction to the
large omega tail, compared to the first order results, is of order 6. The cutoff
between the soft and hard photons is
have an uncertainty of order

6 (A ).

A.

Therefore contributions for u >

A

C hapter 3

Experimental Setup

This chapter describes the experimental equipment and data acquisition
electronics used to study the d fe ^ n jp reaction which provided a determination
of the momentum distribution of the neutron in the deuteron. The experi
ment was part of experiment 85-05 at the Bates Linear Accelerator Center in
Middleton Massachusetts in which a polarized electron beam was used to de
termine G% via polarization transfer; some minor modifications were made to
the experimental equipment for this measurement. Experiment 85-05 ran from
December 1990 until June 1991. Most of the data used for this analysis was
taken during June of 1991.
3.1 T h e A ccelerator and Beam line B

The Bates accelerator consists of several components which will be briefly
outlined below. The electrons are initially accelerated in the injector which
accepts electrons from one of the two sources and accelerates “bunches” of the
electrons to 20 MeV. One of these sources is capable of producing a beam of
polarized electrons and the other source produces an unpolarized beam. Once
the electrons leave the injector they enter the linac which then accelerates them
up to an energy of 500 MeV via conventional (i.e. non-superconducting) radio
frequency cavities. At the end of the linac, the beam can be sent to one of the
experimental areas or can be sent via the recirculator for a second pass through
the linac. This second pass provides a beam of electrons with up to 1 GeV in
energy. The accelerator and the the experimental areas are shown in Figure
3.1. The optics for beam line “B” are shown in Figure 3.2.
The accelerator supplied a beam with a duty factor of about 0.9%. The

(37)
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The Bates Linear Accelerator Center
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F igure 3.2

The “B” beamline optics

beam used for this experiment had a pulse width of about 15.5 ± 0.5 microsec
onds, a repetition rate of 600 Hertz and an average current of 0.56 microamps.
The energy spread (5 E /E ) of the beam was about ±0.3% .

3.1.1 Determ ination o f Electron Beam Energy

The energy of the beam, Eo, is sensitive to magnet settings in the beam
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switchyard and so it is necessary to determine the actual beam energy. This
correction involves passing the beam through a calibrated dipole magnet FBI
in the “Z” beamline and measuring the beam position after it passes through
a set of adjustable slits. The energy determined via this measurement is then
used to determine the actual beam energy via the following expression:
rmomtnal
El

0

_ ______________________ 0_____________________________

0.987 + 5.6 x 10" 5 (E$ominal)

fo

i \

K' }

where:
Eo

=

the actual energy of the beam, (MeV).

^nominal =

the energy of the beam as measured in
the 14 degree line, (MeV).

This empirical formula is the result of work by D. H. Beck et al. who used a
BeO-C target to produce multiple peaks in the focal plane of the spectrometer
Electron Loss Spectrometer SYstem (ELSSY). The peaks were fit and these
results compared to a measurement using the calibrated dipole FBI. This model
is believed to be accurate enough to correctly determine the beam energy to
within 0.2%. Conversations with the staff of Bates led to a somewhat more
conservative error of 0.5% being assigned to the incident beam energy for this
experiment.

3.1.2 D e te rm in a tio n of th e B eam C u rre n t

The beam current was measured by two toroid current transformers located
2 - 3 meters upstream of the scattering chamber. The pulsed electron beam
!361 D.H. Beck, Ph.D. Dissertation, M.I.T. (1986), unpublished.
P7) J. Flanz, W. Sapp and D. Tieger, private communication (1992).
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produces a current in the primary coil of the transformer whose secondary coil
is connected to a low-impedance current amplifier. The beam gate opens a
linear gate connected to a current source driven by the amplifier. This gate is
connected to a Brookhaven Instrument Corp. Model 1000C integrator. The
integrator was calibrated by using the output of a precision current source. t28l
These monitors have been demonstrated to yield measurements that are
consistent to about 0 .1% in prior calibrations.

3.2 The Targets

In the center of the scattering chamber a remotely controllable target ladder
held the targets used during the experiment. A video camera was mounted
outside of the scattering chamber such that it had a view of where the electron
beam hit the target. A video monitor connected to this camera was in the
counting house to assist in determining the position of the beam on the target
when the beam was incident on a BeO target mounted in the target ladder. Two
carbon targets with thicknesses of 23.58 mg/cm 2 and 456.24 mg/cm 2 were used
in a study of the focal plane efficiency, and the optical tune (i.e., the settings
of the magnetic elements) of OHIPS.
Two identical cryogenic cells were also mounted on this target ladder. One
of these cells was filled with liquid deuterium or liquid hydrogen and the other
was an empty cell and was used in studies of the contributions from the walls
of the target cell. The deuterium target cell is shown in Figure 3.3.
The walls of the cell were made of foils of the alloy Elgiloy. The com
position of this alloy is 40% cobalt, 20% chromium, 15.9% iron, 15% nickel,
7% molybdemun, 2% manganese and 0.1% carbon and has a density of 8.369
g/cm 3. These walls were each 2.0 mils thick (0.0425 gm/cm2), resulting in the
ratio of the mass of deuterium to elgiloy in the target cell being 10.05:1.0. The

t38] p.C, Dunn, Nucl. Inst. Meth. 163, (1979).
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Side view of the liquid deuterium target cell
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inner (outer) diameter of the target cell at room temperature and pressure was
5.044 ± 0.004 (5.054 ± 0.004) cm. When the outer diameter was measured
with a vernier caliper at the pressure of 40 - 60 psi that the experiment was run
at, it was found to have increased by 0.018 ± 0.003 cm. This implies an inner
diameter of 5.062 ± 0.005 cm under experimental conditions. t29l
The target was cooled by coils at the top of the cell carrying refrigerated
helium. The target temperature was monitored by carbon glass resistors located
at the bottom of the target cell. The target temperature and pressure were
monitored and regulated by an independent computer control system.
The density of the liquid deuterium at this temperature and pressure was
determined to be 0.1688 ± 0.0017 g/cm 3 from a calculation based on prior
measurements. (30J
The target density for hydrogen was found to be 0.0682 gm/cm 2 (at 22.4
K) using Equation 3.2 and the computer program DENSLIQ t31l which used
the parameters for the virial equation of state at saturation. t32l
Table 3.1

Summary of liquid deuterium target properties.

Value
Target Cell Parameter
5.062 ± 0.005 cm
Inner Diameter
2.0 mil
Wall Thickness (each)
50 psi
Pressure
21° K
Temperature
Density of Deuterium 0.1688 ± 0.0017 g/cm 3

t29l M. Farkondeh, private communication (1992).
(3°1 R, Prydz, NBS Report 9276, The Thermodynamic Properties of Deuterium (1967).
I31l W. Turchinetz and W. Schmitt, private communication (1991).
I32] CRC Handbook of Chemistry and Physics, F-65, 70th Edition (1989).
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(3.2)

where:
p
Pc
A\
M
Az
A4
As
T

=

density in mol/cm 3

=

0.01559

—

7.3234603 xlO " 3

=

-4.4074261 xlO -4

=
=

6.6207946 xlO " 4
-2.9226363 xlO -4

=

4.0084907 xlO " 5
temperature in Kelvin for T < 32.976 K

The liquid deuterium cell was also filled with hydrogen during studies of
the neutron arm shielding. The density of the liquid hydrogen was calculated
to be 0.0682 g/cm 3 (at 22.4 K) from a table of the coefficients for the virial
theorem f33l

and the computer program DENSLIQ. t34^

3.3 T h e N e u tro n A rm - N P O L

This section contains a description of the neutron polarimeter (NPOL)
which was built at Kent State University and used to detect the neutrons mea
sured in this experiment. A number of reports t35][36](37l

contain a wealth of

[331 CRC Handbook of Chemistry and Physics, D-21, 73rd Edition (1992).
t3*]

w.

Turchinetz and W. Schmidt, private communication (1992).

[35 ] T g je n &nd R< Madey, KSUCNR-013-90, (1990).
(361 T. Eden, R. Madey and T. Riechelt, KSUCNR-016-90, (1990).
1371 R. Madey, IEEE Transactions on Nuclear Science, 36, 231 (1989) .
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information on the use of this device as a polarimeter, but the focus here will
be on the use of the front scintillator array as used in the measurement of the
d(e,e'n)p cross section.
The polarimeter consists of the shielding enclosure, a front array of four
mineral oil scintillators and two rear arrays of plastic scintillators. Two views
of the neutron arm are shown in Figure 3.4.

3.3.1 T h e N eutron D etector Array

Only the data from the front array of neutron detectors of the polarimeter
were used in the analysis of the recoil momentum dependence of the cross
section. Each of the scintillator arrays had a plastic scintillator located in front
of the array which was used to veto charged particles in software. A summary
of the properties of the neutron polarimeter is contained in Table 3.2.
T able 3.2

Summary of neutron polarimeter detector array properties.

Parameter

Front Array Arrays

Material
Number of Elements
Length (each element)
Height (each element)
Depth (each element)
Polar Angle
Specific Gravity
Atomic Ratio (H:C)
Refractive Index

Bicron BC-517L
4
50.80 cm
25.40 cm
10.16 cm
0°
0.86
2.01
1.471

The four neutron detectors which comprised the front array had walls of
3/8” lucite to contain the mineral oil. The entire interior volume of the detector
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Views of the neutron arm
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Scintillator

One element from the front neutron detector array

needed to be filled with mineral oil in order for the detector to have a uniform
response; an external expansion chamber for the mineral oil was mounted on
top of the detector.
The center of the front detector array (the middle of the space between
elements two and three) was located 3.63 meters from the center of the target.
The detectors were supported by stands built by Kent State University which
placed the center of the front detectors at the same height as the target. The
mean solid angle of the front array was 9.67 milliradians. The in-plane angular
acceptance was 139.0 milliradians and the out-of-plane acceptance was 69.0
milliradians. A view of one of the elements of the front neutron detector array
is shown in Figure 3.5.

3.3.2 The N eutron Single-Arm Trigger
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The neutron single-arm trigger

Each of the four neutron detectors had 5” photo multiplier tubes on each
end and were mean-timed in hardware using an analog mean-timer circuit.
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The mean-timed signals and the signals from both ends of the detectors
were discriminated before being sent to CAMAC TDC modules. The discrimi
nators were adjusted to a setting corresponding to a 1 MeVee threshold for the
detectors in the front array of NPOL. The mean-timed signals were also sent to
CAMAC ADC modules. The neutron single-arm trigger consisted of a logical
“OR” of the mean-timed signals from the four detectors in the front of NPOL.

3.3.3 Shielding

The neutron detectors were located on the interior of a shielding enclosure
with a front face of ~ 4.0 inches of lead bricks sandwiched between two 1.25 inch
steel plates. The roof and sides were composed of two and four foot thick slabs
of reinforced, high density (p = 3.9 g/cm 3) concrete, respectively. Personnel
access was provided on one side via a labyrinth pathway. The neutron trigger
electronics were located near the detectors in the hut. The shielding hut was
shown in Figure 3.3 and Figure 3.4.

3.4 The Electron Arm - OHIPS

The One Hundred Inch Proton Spectrometer (OHIPS) was used to detect
the scattered electrons. The spectrometer and focal plane instrumentation is
described in several M.I.T. theses. t39l I40! t41l 1421 As schematically shown

t38l A.R. Baldwin and R. Madey, Nucl. Instr. Meth., 171, 149 (1980).
t39l R.S. Turley, Ph.D. Dissertation, M.I.T. (1984), unpublished.
I4°l R.W. Lourie, Ph.D. Dissertation, M.I.T. (1986), unpublished.
t41l P.E. Ulmer, Ph.D. Dissertation, M.I.T. (1987), unpublished.
L.B. Weinstein, Ph.D. Dissertation, M.I.T. (1988), unpublished.
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Detector Hut

D ip o le

Q2
..........

F ig u re 3.7 The OHIPS spectrometer system
in Figure 3.7, the spectrometer system consists of a pair of quadrupoles (to
increase the solid angle) followed by a dipole (to act as a momentum analyzer).
Table 3.3 summarizes several of the optical properties of OHIPS. OHIPS
can be moved on airpads to cover between 17° - 140° (where 0° is parallel to
and in the same direction as the incident electron beam). OHIPS was posi
tioned at a fixed angle of 47.02° for the measurement of the recoil momentum
dependence of the cross section. The angle of OHIPS with respect to the beam
axis was determined by shining a beam of light emitted from a laser mounted in
a reference location on OHIPS onto a scale located several meters back where
the angle of OHIPS was measured by reading the position of the spot of the
laser light on the scale. The uncertainty in this measurement was limited by the
ability of the operator to read the scale. The spot size and distance of the scale
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from the target correspond to an uncertainty of ~ 0.02 ° in the scattering
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a n g le

of OHIPS. The pointing error of OHIPS was determined by using a surveying
transit to view a target located on the central axis of the scattering chamber.
The drift distance from the target to the first quadrupole in OHIPS can be
varied and for this experiment was set to 1.770 meters. This drift distance was
chosen so as to allow OHIPS to match the solid angle of the neutron detectors
in NPOL for the measurement of Gjg earlier in the experiment. OHIPS was
run in a point-to-point focusing mode in both the bend and transverse planes
(< x|0 > = 0 and < y\<f> > = 0 respectively). The momentum dispersion of
the spectrometer at the focal plane was (< x|£ >) = 4.19 cm/%. A circular
collimator was used to insure that the geometric acceptance was sufficiently
small th a t there were no concerns about an electron striking any of the internal
baffles in OHIPS.
T able 3.3

OHIPS optical parameters.

Collimated Solid Angle
Angular Acceptance
Scattering Plane (6)
Bend Plane ($)
Momentum Acceptance
Momentum Resolution
Design
Best Obtained
Bend Angle

2.48 msr
56.2 mr
56.2 mr
± 4.4%
M O "3
1.4-10"3
90°

3.4.1 T h e S cintillators

There are three scintillators: SO, SI and S2 in the OHIPS focal plane.
These scintillators were used to provide timing information and were used also
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in conjunction with the fast trigger. The scintillators are constructed of Bicron
BC408 plastic. Scintillators SO and SI had a lightguide on both ends (denoted as
SOA and SOB or S1A and SIB respectively) which each led to a photomultiplier
tube. Scintillator S2 had a photomultiplier tube on one end. These scintillators
are shown in Figure 3.8, which shows the OHIPS focal plane instrumentation.
SO and S i are oriented 45° and S2 is oriented 90° with respect to the central
ray. The dimensions of the scintillators is given in Table 3.4.
T able 3.4

OHIPS scintillator dimensions.

Scintillator(s)
SO k SI
SO k SI
S 0 &S 1
S2
S2
S2

Dimension
Thickness
Width
Length
Thickness
Width
Length

Value
0.48 cm
20.32 cm
66.04 cm
1.27 cm
25.40 cm
76.20 cm

3.4.2 T h e V D C X W ire C h am b ers

The particle trajectories were determined by measurements of the particle
position and angle in the crossed Vertical Drift Chamber (VDCX) planes. There
are two VDCX planes which were oriented at 45° with respect to the central
ray. Each plane consisted of 104 signal wires spaced 4.23 mm apart. The two
planes were oriented so that the wires in one plane were at 45° to that frame,
and the other plane had wires at 135° to the frame. The wires were operated
at 9.2 kV in a gas mixture of 50% argon and 50% isobutane. A representation
of a typical track through these chambers is shown in Figure 3.9.
The 208 signal wires in the two VDCX planes were connected to a series
of delay lines. The delay lines allowed multiple signals to be multiplexed into
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The OHIPS focal plane instrumentation

the readout electronics which reduced the cost of instrumenting the VDCX
chambers. Each wire in the VDCX was connected to an amplifier/discriminator
card. Every fourth card was connected to one of the four delay lines. Both ends
of the delay lines were sent to a TDC which measured the arrival times of the
signals. The amplifier cards, delay lines and TDC modules are shown in Figure
3.10.

3.4.3 The Cerenkov Detector

A carbon-dioxide gas Cerenkov detector was located above the S2 scintil
lator in the focal plane of OHIPS. The face of the detector was 1 meter by 1
meter. The signals from this detector were sent to CAMAC ADC and TDC
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Representation of a typical track in the VDCX chambers

modules. The Cerenkov detector was not in the electron single-arm trigger.
Pion production was kinematically possible (though with low probability) at
the higher recoil momentum points and cuts were made on the ADC and TDC
spectra to eliminate these events.

3.4.4 T h e E le c tro n Single-A rm T rigger

The electron single-arm trigger was formed on analog signals from the SO,
SI and S2 scintillators sent to the counting house on “fast” coaxial cables. The
mean-timed signals from the SO and SI scintillators and the signal from the S2
scintillator were connected to a majority logic unit (MLU). The MLU required
that discriminated signals from all three scintillators be present to form the
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electron single-arm trigger.

3.5 The Electron-Neutron Coincidence Trigger

The coincidence trigger was formed from the electron and the neutron
single-arm triggers which were each described earlier. If an experiment had
infinite bandwidth in the data acquisition system or very low counting rates it
might be possible to record all valid single-arm events and determine in software
which events were valid coincidences. The single-arm counting rates in this (and
most other electron scattering experiments) were high enough th at dedicated
electronic circuits Were required to form a coincidence in hardware. The hard
ware that formed this coincidence trigger is shown in Figure 3.11 and will be
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The electron single-arm trigger

described in this section. The coincidence setup using the neutron polarimeter
and OHIPS is shown in Figure 3.12.
All coincidence events were recorded by the computer along with a fraction
of single-arm events, which are known as “prescaled” events. These prescaled
events were used to obtain an unbiased monitor of the electron and neutron
detectors to insure that their response was independent of the presence of a
coincidence event. The fraction of single-arm events that were taped was de
termined by the prescaling fraction. These events were selected by forming an
“AND” between the single-arm trigger and a pulse generator with an adjustable
rate in a “prescaler” as shown in the diagram of the coincidence trigger.
The results of any logical decision were recorded by a hardware scaler which
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F igure 3.12

Overhead view of the experimental setup

permitted the reconstruction of the entire logic tree leading to or from any
logical test. These hardware scaler results were valuable as they provided a
method of determining during the replay if there had been any failures in the
coincidence circuit. It happened that there had been a failure in the coincidence
trigger for an extended period of time and knowledge of the scaler results allowed
the useful data to be separated from the corrupted data.

3.6 The Data Acquisition System

This section describes the hardware and software which formed the data
acquisition system used for this experiment.
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3.6.1 D ata Acquisition Electronics

The complete data acquisition system consisted of the following compo
nents:
1) A Virtual Address extension (VAX) computer running the Virtual Memory
System (VMS) with a UNIBUS backplane and some medium for the storage
of data. A micro VAX-II computer with a Q-bus backplane and a Q-bus to
UNIBUS convertor were used in this experiment. The data was stored on a
9-track 6250 Bit Per Inch (BPI) tape drive. Terminals capable of emulating the
Tektronix 4010 series graphics protocol were used for run control and displaying
histograms.
2) A Micro-programmable Branch Driver (MBD) which connected the
UNIBUS with a Computer Automated Measurement And Control (CAMAC)
crate controller.
3) A CAMAC crate provided the physical mounting and power for the various
electronic modules used for data acquisition.
4) A LAMPF trigger module present in the CAMAC crate.
5) Various CAMAC modules provided the ability to accept analog signals from
the detector electronics and convert them into a digital format such as a Time
to Digital Convertor (TDC), an Amplitude to Digital Convertor (ADC) or a
scaler (which counted the number of times a given input is pulsed). These
modules provided between 8 and 32 channels of input signals.
6) The “Q” data acquisition system.

3.6.2 Software, the Q D ata Acquisition Code

This section will present a description of the software used for data acqui
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sition. The Q data acquisition and replay system formed the software environ
ment for the acquisition and replay of the data taken during this experiment.
The Q package was developed at Los Alamos Meson Physics Facility
(LAMPF) beginning in the early 1970’s and was envisioned as a high per
formance, general purpose experimental data acquisition system, t43!

It

should be noted that the name “Q” was chosen because no Digital Equipment
Corporation (DEC) operating system command began with the letter Q at that
time. “Q” is not an acronym and has no particular meaning.
The software was developed originally to run on the then new DEC PDP11

family of mini-computers. The initial operating system was DOS, but by

the mid-1970’s the RSX-11D real-time multi-processing operating system was
supported instead. Eventually the RSX-11M operating system was supported
on the 16-bit P D F -ll’s and by 1984 the “Q” package had been ported to the
32-bit VAX family of mini-computers running the VMS operating system.
The “Q” data acquisition software consists of several software modules:
1) The real-time job scheduling system which assigns priorities to the various
processes and manages the flow of data from the MBD to the host computer.
2) The user written analyzer. This analyzer carries out the analysis of the
data consisting of making logical tests on the data and forming histograms.
The analyzer is written in FORTRAN and is specific to a given experiment.
3) The histogram package provides the experimenter the ability to form and
update displays, allowing specific elements of the data stream to be monitored.
The histogram package is called from the analyzer.
4) The test package which allows logical tests to be performed and the results
of these tests to be stored. The test package is called from the analyzer.

i43J Introduction to Q, LAMPF document MP-1-3401-3 (1985).
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5) The dynamic parameter system which provides a method to create, update
and display groups of integer and real parameters for use by the other “Q”
modules.
6

) A group of utility programs which allows for the manipulation of stored

sets of data.
The analyzer which was used for acquiring the data was modified during
the analysis of this data from experiment 85-05 to provide extensions (such as
time-of-flight corrections) and used for the replay. Additional histograms and
tests were defined during this development process.

Chapter 4
Data Analysis

This chapter describes the analysis techniques which were used to analyze
the raw data and extract the coincidence cross section. The procedure by which
the experiment was performed, along with the kinematics at which data were
taken will be shown. Analysis of the data from the neutron and electron arms
will be discussed. The technique by which the efficiency of the neutron detector
array was calibrated will be presented. Details of how the pulse height and
timing information in the neutron arm were obtained will be given. Details of
how the wire chamber information in OHIPS was handled and how the electron
path was traced back to the target will be shown. Separate replays of the data
from experiment 85-05 were carried out for each of the three Ph.D. dissertations
that came out of the experiment. This section will describe the replay and
analysis techniques that were used to extract the recoil momentum dependence
of the d(e,e'n)p cross section.

4.1 Procedure and Kinematics of the Experiment

This measurement of the recoil momentum dependence of the d(e'n)p cross
section was made at the Bates Linear Accelerator Center on June 10th and June
th, 1991. The neutron and electron detectors were kept in fixed positions to

11

minimize the amount of time required to change kinematics. The dipole and
quadrupole fields of OHIPS were changed to select different recoil momenta.
The electron scattering angle was 47.02°, the neutron scattering angle was 57.0° and the incident beam energy was 444 MeV. The kinematics for the six
values of the recoil momenta are shown in Table 4.1. The recoil momenta pr,
the final electron energy ef, the value of q was essentially constant, the central
value of kinetic energy of the neutron, Tn, the centred value of the momentum

( 62)
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of the knocked out neutron, P n, the energy transfer of the electron, at, the value
of Q 2 was essentially constant, and the angle between q and the neutron in the
lab frame are shown. The data acquisition time, field of the OHIPS dipole and
value of the average current for each run is shown in Table 4.2.
T able 4.1

Pr
(MeV/c)
-43.57
0.51
53.36
95.73
132.43
165.15

ef
(MeV)
395.2
384.0
365.9
348.9
332.3
316.3

Table 4.2

Pr
(MeV/c)
-43.6
0.51
0.51
53.4
53.4
95.7
95.7
132.4
165.2
165.2

Kinematics for cross section measurement.

q
(MeV/c)
337.8
334.9
330.9
328.1
326.2
325.1

Tn
(MeV)
45.6
57.8
74.4
88.0
100.2
111.2

Pn
(MeV)
296.2
334.6
381.2
416.2
445.3
470.3

u
(MeV)
48.8
60.0
78.1
95.1
111.7
127.8

Q2
(GeV/c2)
0.111

0.108
0.103
0.098
0.094
0.089

^nq
(deg)
- 1.88
0.03
3.01
5.92
8.81
11.63

Experimental parameters for cross section measurement.

Run
Beam Toroid Length
Number
at target
of Run
(sec.)
(HC)
1106
2004
3900
1108
2606
4860
1109
966
1500
1110
2416
4500
1111
2352
4800
1112
4944
8580
1113
3200
5520
1114
5014
9480
1115
6754
11220
1116
1308
2100
TOTAL
31564
56460

Average
Beam Current
(M )
0.51
0.54
0.64
0.54
0.49
0.58
0.58
0.53
0.60
0.62
0.56

OHIPS Dipole
Field
(kG)
5.134
4.988
4.988
4.753
4.753
4.532
4.528
4.317
4.108
4.108
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4.2 Format of Recorded Data

The data were acquired with the hardware and software described in Chap
ter 3 onto 9-track tapes which were converted to 8-nun tapes off-line. This con
version was done to reduce the space required to store the d ata and provide a
more convenient method of accessing the data. The format of the recorded data
is shown in Appendix B. The data for this analysis along with the supporting
empty cell runs, neutron detector efficiency measurements and other studies
were a little over 1000 megabytes in size. D ata replay and analysis was mostly
performed using the computing facilities at CEBAF.

4.3 Analysis o f the Neutron Detector Array Data

The analysis of the information from the neutron detectors will be described
in this section. It was important to determine the neutron detection efficiency
for the combination of the neutron detectors and the front shielding in order
to make an accurate measurement of the cross section. While it is possible
th at a simulation of the neutron detectors and shielding in a computer code
such as GEANT might have given some information about their performance,
it is preferable to determine this efficiency via an accurate measurement. The
d( 7 ,pn) calibration technique described in this section provided an accurate
measurement of this efficiency. It was also necessary to determine if any charged
particles were passing through the neutron detector shielding or if any neutrons
were converted in the shielding to a proton; these processes will also be described
in this section.

4.3.1 Efficiency Calibration of the Neutron Detector Array

In order to measure the d(e,e'n)p coincidence cross section accurately, the
efficiency of the neutron detection system must be well known. The efficiency e
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of this system is the product of probability that a neutron will be transm itted
through the shielding T (P n), and the probability p(Pn) that the neutron will
interact with one of the elements of the front neutron detector array.
e = T-p

(4.1)

This product was determined experimentally via the associated-particle
technique.

The associated-particle technique requires that two particles be

produced in a reaction which is constrained to yield a two body final-state. If
one of these particles is a neutron detected in a system of unknown efficiency,
and the other is a charged particle which is detected in coincidence with a
system of known efficiency then the efficiency of the neutron detection system
is simply:

_

# of coincidences detected
# of charged particles detected

.

.

The d( 7 ,pn) reaction was used in this calibration. The protons were de
tected in OHIPS (the polarity of the dipole was reversed from it’s setting for
electron detection). The emission of gamma rays was restricted to a cone in
the direction of the incident electron beam because the characteristic angle for
real or virtual bremsstrahlung is 7 -1 = Me/E ~ 10-3 radians. The proton and
neutron were produced in a two-body state because the incident electron beam
energy of 254 MeV and the final proton momentum of 300 to 440 MeV/c did
not allow sufficient energy for pion production.
The energy of the gamma ray cu7 in the reaction

"7

=

m 2 —mjj —m£ + 2Epm<i
L
. —Ep) + Ppcos0p
(md

7

+ d —t p + n i s given by,

(4-3)

Since the neutron and proton were produced in a two-body final state, E 0 >
E7. E 0 is the energy of the incident electron beam. The reaction 7 + d —+ 7r+ +d*
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(where d* = p + n such that m *2 > m^, and the tt+ is detected in OHIPS) is
kinematically forbidden since the energy of the gamma ray w7 in this reaction,

u >

— 2mdE?r “

(4 .4 )

ma - Eff + Pfl-cosfl*.

is greater than the energy of the incident electron beam, E0, for the kinematics
of this experiment.
The reaction

7

+ d —►p + n* (where n* = n + tt and mn* > mn + m ff,

and the proton is detected in OHIPS) is also kinematically forbidden since the
energy of the gamma ray w7 in this reaction,
_ n f f - m j - m S + Epm,.
ma - Ep + Ppcos0p
is also greater than the energy of the incident electron beam, EOJ for the kine
matics of this experiment.
The deuterium target served as a 0.66% radiator for real photons and as a 23% radiator for virtual photons. The neutron detection efficiency was measured
for three values of the neutron kinetic energy. The kinematics for these three
points are shown in Table 4.3.
Incident electron energy e = 254 MeV, 9n = 57°
7
MeV
235.3
165.7
116.5
Table 4.3

Tn
MeV
135.0
94.0
65.0

Pn
MeV/c
521.5
430.7
335.5

Pp
MeV/c
440.0
367.7
308.0

8*
deg
- 96.4
- 100.8
-104.5

d( 7 ,pn) efficiency measurement kinematics.

The neutron detection efficiency is dependent on the software ADC thresh
old. It is necessary to use a software ADC threshold in analyzing the cross
section data that corresponds to the value of the neutron detection efficiency
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being used. Lowering the software ADC threshold results in higher number
of counts populating the TOF spectra along with a background that is higher
than that obtained by using a larger ADC threshold. A high ADC threshold
results in fewer counts along with a lower background. Figure 4.1 shows the
TO F detector spectra from the front neutron detector array for three values of
the software ADC threshold.
Table 4.4 lists the measured efficiencies for the front neutron detector array
together with its shielding. The errors listed include statistical and systematic
effects. The statistical errors dominate the uncertainty. The systematic errors
arise from fitting errors in determining the number of counts in the TOF peak
and from uncertainties in the pulse height calibration. T he efficiencies are
plotted verses neutron kinetic energy in Figure 4.2.

Tn
MeV
135.0
94.0
65.0

e %
(2 MeVee ADC)
7.86±0.14
6.36±0.22
4.98±0.16
T able 4.4

e %
(4 MeVee ADC)
7.23±0.12
5.84±0.21
4.46±0.15

(6

£%
MeVee ADC)
6.07±0.11
5.08±0.19
3.84±0.13

Neutron detection efficiencies.

These experimental values of the neutron detection efficiency were com
pared to a theoretical calculation of the product of the efficiency of the neu
tron detector array and the attenuation through the shielding. The theoretical
efficiency of the neutron detector array was computed using the Kent State
neutron detector Monte Carlo code t44l . This efficiency is plotted vs neutron
kinetic energy in Figure 4.5.
The transmission t of the neutrons through a wall of thickness x is expressed
I44l R. Cecil, B. Anderson and R. Madey, Nucl. Inst, and Meth, 161, 439 (1979).

Counts
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F ig u re 4.1 The T O F spectra for each of the four detectors (with a 4
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by:
t = e-* /A

(4.6)

where A is the effective mean-free-path of neutrons in the shielding which is
given by:
A = vPn<
z?
<4-7)
The numerical density of nuclei in the shielding material is given by pa.
The effective mean-free-path of neutrons was computed for the total and
inelastic cross sections for lead and steel. The cross sections were obtained
through

a search of the database at the National Nuclear D ata Center at

Brookhaven National Laboratory. The total transmission of the neutrons by the
4 inches of lead and 2.5 inches of steel in the front shielding wall is the product
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of tpb • tpe. The total transmission of the neutrons through the shielding using
the inelastic and total cross sections for lead and steel is shown in Figure 4.3.
The theoretical neutron detection efficiency is the product of the theoret
ical neutron detector efficiency and the calculated transmission through the
shielding. This neutron detection efficiency is shown in Figure 4.4.

4.3.2 V eto in g of C h arg ed P a rtic le s and H yd ro g en T a rg e t S tudies

There are several potentially serious sources of background which did affect
the number of counts in the TOF peak:
1)

The two-step process d(e,efp)n —►(p,n) in the target cell. Calculations

showed this two-step process to contribute to the coincidence T O F peak at a
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level of 10 ” 4. This level is low enough that no correction was made in the
analysis.
2

) The conversion of a quasielastically-scattered proton by interactions in the

shielding wall into a neutron.
3) Because the neutron detectors have high efficiency for detecting charged
particles, it is possible that a charged particle such as a pion or muon which
passed through the shielding and interacted in the neutron detector array would
be recorded as a neutron. There was a thin plastic scintillator located directly
in front of the neutron detector array which served as a veto for charged par
ticles. There is a very small probability that a proton might pass through this
scintillator undetected and interact in the detector array.
The neutron detection efficiency is a product of the transmission through

Chapter 4- Data Analysis

72

12

10

2 MeVee

8

4 MeVee
6

Theory
6 MeVee

4

2

0
0

25

50
75
100
Neutron K inetic Energy (MeV)

125

150

F ig u re 4.5 The solid line represents the measured neutron detection ef
ficiency and the dotted line shows the theoretical neutron detection efficiency
normalized to the measured efficiency.
the shielding wall and of the interaction probability The probability of n -+ p
conversion was measured by making a hydrogen calibration run. The target cell
which had been filled with deuterium was emptied and filled with hydrogen.
Because there are no neutrons to be knocked out from the hydrogen target,
anything measured in the detector array must either be a charged particle or a
neutron knocked out from the shielding wall.
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It is important to realize that several factors must be considered in applying
the results of this hydrogen cell run to the d(e,e'n)p data. The integrated
luminosity is a product of the luminosity, £, and the amount of time that beam
was on target, t, is written as;

£ -‘ = f r

<4-8>

where Q is the net charge on target, Na is Avagodro’s number, e0 is the charge
of an electron and A is mass number of the target.
This product is different for the hydrogen and deuterium runs, and a cor
rection needs to be made to account for this difference. Because the same target
cell was used there is no correction to be made for the length of the cell, but
hydrogen and deuterium do not have the same density. The density of liquid
deuterium is 0.16884 g/cm 3 and that of hydrogen is 0.0682 g/cm 3 (at 22.4 K);
thus, the ratio of the density of deuterium to that of hydrogen is 2.48:1 as
discussed in Section 3.2.
There are also corrections to be made for possible differences in the com
puter deadtimes and efficiency of the wire chambers in OHIPS between the two
targets. The contribution

k

to the d(e,e'n)p cross section can be written as:
k=

Cd - N(Ch)

(4.9)

where Cd is the number of counts in the d(e,e'n)p TOP peak, Ch is the
number of counts in the h(e,e'p) —►(p,n) TOF peak and N is the normalization
factor:

JiJ —

* ^deuterium

ifi ‘

hydrogen

hydrogen triggers
taped triggers
deuterium triggera
, taped triggers

3/4 hita hydrogen 1
good tracka
3/4 hita deuterium
good tracks
,

(4.10)

Measurements of the (p,n) conversion were taken at two values of the in
cident electron energy. One of these energies,

868

MeV, corresponded to kine

matics used by the other analysis in this experiment. The other energy, 444
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A typical hydrogen T O F spectrum

MeV, was the same energy as was used for the recoil momentum portion of
experiment 85-05. The neutron arm was fixed at -57.0° and the electron arm,
OHIPS was at 37.0° (47.0°) for the

868

MeV (444 MeV) measurement. A TOF

spectra from a measurement using the hydrogen target is shown in Figure 4.6.
The hydrogen TOF spectra were fit to a Gaussian peak. Because there
was a very small contribution from (p,n) conversion, the centroid of the peak
along with it’s width needed to be held fixed. The width was chosen so as to be
consistent with the TOF resolution obtained in the electron-neutron coincidence
TO F spectrum. The kinematics and corrections for the (p,n) conversion are
shown in Table 4.5.
These results indicate that there is no significant correction to the electron-

Chapter 4 : Data Analysis

e
Qt*
MeV MeV
444 330.0
868
505.0
Table 4.5

e
deg MeV
57.0 385.9
57.0 730.0

75

(p,n) Contribution
%
0.2 ± 0.8
0.0 ± 1.2

Kinematics and corrections for (p,n) conversion in the shielding.

neutron coincidence TOF peak from (p,n) conversion in the shielding. This
result is attributable to the veto counter in front of the front neutron detector
array and the design of the shielding enclosure around the neutron detectors.
Any contribution from such a reaction contributed only to the flat background
in the TOF spectra.
The ratio of the height of the background from hydrogen to that in deu
terium is 29.8% (29.0%) at an incident electron energy of 444 MeV

(868

MeV).

This means that about one third of the background in the electron-neutron co
incidence TO F spectra is attributable to protons producing neutrons via (p,n)
conversion. t45l

This result is similar to that in the triples mode (coinci

dence detection of a neutron in the front and rear neutron detector arrays and
detection of an electron in OHIPS), which measured ~ 30% of the background
coming from proton conversion. t46J

4.3.3 M e asu rem en t o f th e Single-A rm H yd ro g en C ro ss S ection

A measurement of the hydrogen cross section at incident electron energies
of 444 and

868

MeV were made to verify that OHIPS saw the entire 5.062 cm

of the target cell. The yield for the single-arm electron events was determined

P. Markowitz, private communication (1992).
t40] T. Eden, private communication (1992).
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by placing the same cuts on the hydrogen data taken at the incident electron
energy of 444 MeV as had been applied to the coincidence data. This yield
was compared to that predicted by MCEEP for single-arm scattering. The
experimental yield was corrected by multiplicative factors for the taping fraction
(16.46), wire chamber track reconstruction factor (1.18) and radiative correction
(1.23). The ratio of the measured to theoretical yield was found to be 0.71 for a
2.0% cut on the electron momentum. This is in contrast with the measurement
of the hydrogen cross section at an incident electron energy of

868

MeV was

made by Markowitz et al. which showed the measured cross section to be within
% of the theoretical value.

1

Concerns about contributions to the deuterium cross section at the higher
recoil momentum points from the target cell walls had led to cuts being placed
on the reconstructed Y dimension of the target. These cuts (which corresponded
to seeing 3.04 cm of the 5.06 cm cell) yielded a ratio consistent with the value
without cuts. This consistency indicates that the OHIPS was able to see all of
the target cell. A check of the logbooks indicated that the quadrupoles and the
dipole of OHIPS were set to the same values as when the coincidence data were
taken with deuterium in the target, so the optical properties of OHIPS were
the same.

This smaller value of the hydrogen cross section measured at the incident
electron energy of 444 MeV is believed to have arisen from not having allowed
the hydrogen target to cool for sufficient time to insure that all the hydrogen
was converted to liquid. The target system requires ~

6

hours to cool down and

the hydrogen data were taken after the target had cooled for about

2

hours.

The hydrogen run was the last measurement made before the experiment was
shutdown and was rushed due to pressure to complete the experiment on time.
This experimental oversight resulted in the hydrogen data taken at the incident
electron energy of 444 MeV not being useful for obtaining a relative calibration.
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A typical pulse height spectra from a neutron detector array

4.3.4 N e u tro n D e te c to r A rray P u lse-H e ig h t C a lib ratio n

The signals from the photomultiplier tubes located at the two ends of the
scintillators were combined in a linear summing module and the amplitude of
this signal was sent to an ADC. These ADC signals formed a neutron pulseheight spectrum. Figure 4.7 shows a typical pulse-height spectrum from one of
the elements of the front neutron detector array. A pulse-height cut was placed
on the spectra in software during replay to select minimum pulse-heights as
described in Section 4.2.1.
The amplitude of the ADC signal would only be a function of the energy
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of the neutron which interacted in the scintillator if the gains of the photomul
tiplier tubes were constant. In order to determine if the gains of the photo
multiplier tubes changed over time, a pulse-height calibration procedure was
developed using a Thorium-228 source.
Thorium-228 sources were mounted in a fixed position in the middle of the
front of each of the four detectors which comprised the front neutron detector
array. The high-voltage inputs to the left and right PMTs were adjusted sepa
rately to match the pulse heights from each end of the scintillator. Thorium-228
emits a 2.62 MeV gamma ray. The maximum energy of the Compton recoil elec
tron, Ee is given by Equation 4.10 and is equal to 2.39 MeV.
E' = me
„ +i n p '

4.11

where E 7 is the energy of the incident photon (in MeV) and me = 0.511 MeV is
the mass of the recoil electron. The peak of the Compton spectrum corresponds
to an electron energy equal to 95% of the maximum Compton electron energy,
which is 2.27 MeV. t47l
The electron is a minimum ionizing particle, but protons and neutron axe
not. Thus, when referring to ADC thresholds obtained with different energy
electrons, the units used are MeV electron equivalents (MeVee). An MeVee is
the the amount of energy a minimum ionizing particle (such as an electron)
would deposit in a detector. The equivalent proton energy, T p, for a NE-102
scintillator has been described by: l48J
Te = A i(l - eAlTp8) + A4 TP

(4.12)

where T e is the electron energy, the constants Ai to A 4 are determined by a

t47) H.H.Knox, T.G.Miller, Nucl. Instr. Meth. 101, 519 (1972).
t48i R. Madey et al., NIM 151, 445 (1979).
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best fit to data to be:
A1 = -8.20
A2 = -0.10
A3 = 0.88

(4.13)

A4 = 1.00
Each detector registered about 1000 - 1500 counts per second from these
sources. The signals from the photomultiplier tubes on each end of all four
detectors were run through independent sets of x l , x2, and xlO attenuators.
The signals then entered xlO linear amplifiers, discriminators and finally the
CAMAC ADC modules. These photomultiplier signals were amplified by factors
of x l , x2, and x5.
The sources were used also during coincidence data acquisition to monitor
the pulse height during the run between beam bursts. The Compton peak was
fit within PAW to a Gaussian. The changes in the centroid of this peak allowed
changes in the gain to be monitored. The statistics for these “online” calibration
measurements were poor because most of the time between bursts was devoted
to reading out coincidence data. A typical “online” ADC calibration spectra is
shown in Figure 4.8.
The gain of the photomultiplier tubes were not constant, but the drift was
very slow over the period during which this data was taken. Figure 4.9 shows
the drift of the gain over the time during which this portion of the experiment
was carried out.

4.3.5 N e u tro n D e te c to r A rra y R eso lu tio n

The signals from the photomultiplier tubes on the left and right ends of the
neutron detectors were mean-timed in hardware as described in Section 3.3.2.
These signals were summed in a Linear Summing Module (LSM). The summed
signals were sent to CAMAC TDC modules. A typical time-of-flight spectrum
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A typical “online” ADC calibration spectra

of each of the four detectors in the scintillator array is shown in Figure 4.10.
Tests done with cosmic rays at Kent State University have shown that the
intrinsic timing resolution is 500 ps.
Position spectra were generated by starting a TDC on the mean-timed
detector signal and stopping it on the signal from one end of the detector. The
position resolution is ~

8

cm. A typical position spectrum is shown in Figure

4.11.

[*&] T. Eden, private communication (1992).
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Drift of the neutron detector pulse height monitor

Angular information was obtained by centering the position distribution on
the central neutron angle and calculating the angular range.

4.4 A nalysis of O H IP S D a ta

This section describes the analysis of information from the electron detector
OHIPS. The wire chambers in the focal plane of OHIPS provided information
which allowed particle paths to be traced back to the target. The scintillators
provided timing information used to form the electron trigger. The Cerenkov
detector was used to reject pions reaching the focal plane. The details of how
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A typical neutron time-of-flight spectrum

this information was analyzed will be provided in the following sections.

4.4.1 O H IP S S cin tillato r S p e c tra

Figure 4.12 shows a typical timing spectrum for OHIPS scintillator SO. As
was explained in Section 3.4.1, both ends of this scintillators were mean-timed
in hardware. The mean-timed signal from Si was the timing reference for the
electron trigger. The spectra for SO shows the timing spread in that scintillator
relative to the mean-timed Si signal. The timing spectrum for SI is a single
channel wide delta function.
The analog signals from each of the photomultiplier tubes in OHIPS was
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A typical neutron position spectrum

sent to CAMAC ADC modules. A typical ADC spectrum is shown in Figure
4.10.

4.4.2 OHIPS Cerenkov Spectra

In the event pion production is kinematically possible, it becomes necessary
to differentiate between electrons and pions in the focal plane of OHIPS. A gas
Cerenkov detector was used to make this particle identification. Typical ADC
and TDC spectra are shown in Figures 4.14 and 4.15, respectively.
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A typical timing spectrum for OHIPS scintillator SO

4.4.3 VDCx Wire Chamber Analysis

The d ata from the TDG modules connected to the delay lines leading horn
the VDCx wire chamber in OHIPS indicated which wire was struck and the
drift time to that wire. The trajectory of the particles hitting the wires can
be reconstructed by using the wire number and drift time information from
the wire chamber. Knowledge of the magnet settings of OHIPS and use of a
raytracing code, together with information on the trajectory of the particles,
allows the particle trajectory to be traced back to the target. Details of how the
information from the VDCx TDC modules was used is provided in this section.
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A typical OHIPS scintillator ADC spectrum

4.4.3.1 H it P a tte rn s

The OHIPS VDCx chamber has four planes of wires as described in Section
3.4.2. Because of the angle of incidence each electron should register in at least
three of the sequential wires. However, due to the multiplexing of the wires
using the delay line readout system, any background event in a single wire can
corrupt the readout. The analysis of a “good track” required that three of the
four wires be within a four-wire interval and that the inner-most wire have the
shortest drift time. Figure 4.16 shows a typical TDC spectra from the wire
chambers. The peaks represent valid hits along the wire and the other events
correspond to noise from the delay line readout system.
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A typical OHIPS Cerenkov ADC spectrum

4.4.3.2 D rift D istan ce C alcu latio n s

Reconstructing the particle track in OHIPS requires converting the mea
sured drift times to distances from the wires of the VDCx chambers. This
conversion requires a parameterization of the drift velocity in the wire chamber
as a function of distance from the struck wire. Figure 4.17 shows a typical drift
time spectrum. The drift velocity of an electron in the VDCx chamber can
be considered constant through most of the chamber volume. However, in the
region near the signal wires, an electron will experience a higher drift velocity
because of the non-uniformity of the electric field lines. The number of events
in a given drift time bin can be written:

Chapter 4" Data Analysis

87

x 10 2
co 4500 —
C

I

g 4000
o
3500
3000
2500
2000
1500
1000
500 ~
n

t

t

i

i

T i

» •

200

i

1 •

•. H i

400

l . i

600

i

i

i

1

i

i

•

800

i— L

1000

Channel

F igure 4.15

A typical OHIPS Cerenkov TDC spectrum

dN

dN ds

dN

dT = dTdt = d7Vd

(<U4)

where vj is the drift velocity.
If the physics changes relatively slowly over the distance between wires,
the chamber is reasonably uniformly illuminated (i.e., dN /ds = a constant).
This means that within a given time interval t + dt, the number of events
is proportional to the drift velocity v^. The drift velocity is higher near the
wires due to the stronger electric field. Figure 4.17 shows a typical drift time
spectrum. The large number of events corresponding to short drift distances
reflects the increased drift velocity near the wires. The flat region on the right
side of the spectrum corresponds to a relatively constant drift velocity further
from the wires. Figure 4.18 shows a plot of the drift distance vs. drift time.
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A typical OHIPS VDCx TDC spectrum

The drift distance can be calculated by summing the number of events
in the entire drift time spectrum. After all the events are summed they are
uniformly divided into bins corresponding to arrival times. This technique
forces the number of events per unit spacing, dN/ds, to be a constant. This
technique can be expressed in equation form by integrating Equation 4.14 from
0 to t.

J0

d t'

dN
ds I

dt'

- £ « * ) - « 0))

(4.15)

dN t,\
Figure 4.19 shows the uniformly-populated drift-distance spectrum result'
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A typical OHIPS VDCx drift time spectrum

ing from application of this technique. The channel to channel variation is not
due to statistics, but is due to the discrete nature of the binning intervals.
The number of events per unit drift distance bin, dN /ds, is a constant that
is determined by integrating to the maximum measured drift time, t m:

f tm dN
I

dN

f d t = d r s(‘» ) = d '

'4-16)

The maximum drift distance is the distance from the wire to the highvoltage planes of the VDCx chamber, d.
This technique is so simple as to possess a certain degree of elegance, but
has the disadvantage of requiring two passes through the data. Another, coarser
technique is capable of correcting the drift distance spectra in one pass through
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A typical OHIPS VDCx drift distance vs. drift time spectrum

the data. The drift time spectrum show in Figure 4.17 is divided into two
regions, one of which corresponds to short drift distances and is less than some
value of the drift time to and the other to long drift distances with drift time
greater than to. The drift time is then parameterized by:
d _ f di + tdVi + t |a j ,
I dQ+ tdv0,

for

< <0J

for td > t 0

where td is the drift time. A zero distance offset, d;, and a parameter
d0 = di + tovj +t§aj), axe optimized to create the most uniform distribution of
drift distances and thus maximize the fraction of events with good tracks. This
alternative technique was found to yield a value within 0.1% of the number of
good tracks obtained using the first technique mentioned in this section.
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A typical OHIPS VDCx corrected drift-distance spectrum

4.4.3.3 P a rtic le T raceback

The optics of OHIPS can be represented by a second order TRANSPORT
ta°]

matrix. The coordinates in the focal plane mapped onto the target coor

dinates by the operation of the TRANSPORT matrix elements:
+ 5 Z 'W * ?

( 4 -1 8 )

j
where Mj are the first-order TRANSPORT matrix elements and Tjk are the
second-order m atrix elements.
The TRANSPORT m atrix that converts the target coordinates to the

t5°J K.L. Brown, F. Rothacher, D.C. Carey and C.H. Iselin, T R A N S P O R T , SLAC-91, Rev.
2, UC-28 (1 /A ).
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focal plane coordinates was inverted to determine the target coordinates
(xt , #ti y t, <f>tt £) from the focal plane coordinates (xf,

x1, = X )(M ])-^ +

:

(4.19)

j
i.it
where (M j)-1 ((Tj*)-1 ) are the inverses of the first-order and second-order
TRANSPORT matrices (respectively).
The equations for the target coordinates in terms of the focal plane co
ordinates and the inverted first-order TRANSPORT matrix elements can be
written as:
x t —< a d Xf > x j + < xt \ 8f > 9 f + < xt\Sf > 6/

0t = < 8t\0f > 8 / + < 8t\xf > X f + < 8t\8f > 6f

(4.20)
yt = < y t \ y f > y f + < v M t > <t>f
<f)t = < <j)t \(j>f > < £(+ < (f)t \ y f > y f

these four equations in five unknowns can be solved since the vertical beam
spot size is constrained. Second-order corrections are required and were used
in the analysis.

4.5 Corrections to the Coincidence Data

4.5.1 Kinematical Corrections

The TOP peak is broadened because of the finite momentum and angular
acceptances in the electron and neutron arms. These acceptances result in dif
ferent flight paths for an electron or neutron. The TOF peak may be narrowed
by correcting for the flight path differences. The narrowing of this peak makes
peak subtraction of the accidental events which form the linear background
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much easier. The corrected TOF spectra were not used in this analysis, but
Figure 4.20 shows the extent of the correction possible. The dissertation of
Markowitzt5] describes these corrections in detail. The corrected TOF spectra
were not fit to determine the number of counts because the different assump
tions used to correct these spectra do not correspond to the assumptions made
in computing the TOF spectra within MCEEP. The MCEEP TO F spectra
correspond most directly with the uncorrected TOF spectra.

4.5.2 Contributions from the Target Cell

The walls of the target cell are a possible source of accidental counts in the
electron-neutron coincidence TO F peak. Coincidence electron-neutron mea
surements were made at each of the six kinematic points in this experiment
with an empty target cell to measure the extent of this contamination. These
“empty-target-cell” runs were of shorter duration than the runs with deuterium
in the cell so the results of these runs needed to be normalized to the number of
electrons incident on the target. The total number of counts in the coincidence
TOF spectra for the normalized empty cell runs and the deuterium rims were
compared and the contribution from the target cell was found to range from
0 % at the top of the quasielastic peak to 11.1 ± 5.3 % at the highest recoil
momentum point.
Because the quasielastic peak for the materials making up the target cell
walls is much broader than that for deuterium, there were concerns about how
the contributions from the cell walls would affect the shape of the TO F spectra.
A cut was placed on the reconstructed “y” coordinate of the target cell to
exclude the walls. The locations of where to place the cut was determined by
examining a spectrum of the target cell from an empty cell run. A typical empty
cell run which was gated on single-arm electrons is shown in Figure 4.21. These
cuts correspond to seeing 60.1% of the 5.062 cm target cell. This effective target
cell length of 3.042 cm is used in computing the experimental and theoretical
cross sections.

Counts
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shape of the TO F peak
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A spectrum of the target cell walls from an empty cell run

4.6 D e te rm in a tio n o f th e C oincidence C ross Sections

4.6.1 P e a k F ittin g

The TOF spectra for the six recoil momenta points are shown in Figure
4.22. These spectra have a not been binned, and as such the signal to noise ratio
might appear worse than it really is. Calculation of the coincident cross section
required determining the number of true electron-neutron coincidences in the
TOF spectra. The accidental coincidences formed a flat background which had
a small slope due to TDC deadtimes. As shown in Figure 4.22, the TOF spectra
calculated by MCEEP are relatively narrow in the absence of radiation. The
true coincidences remain narrow when radiative effects were included at the top

Chapter 4: Data Analysis

96

of the quasi-elastic peak as shown in the MCEEP simulation in Figure 4.23. As
one moves away from the quasi-elastic peak, a secondary maxima forms due
electrons radiated from quasi-elastic events entering the electron spectrometer
acceptance. These simulations by MCEEP ignore flight path variations and
instrumental smearing.
By convoluting this TOF spectrum with an asymmetric Gaussian and fit
ting the background to a second-order polynomial, it was possible to determine
the number of coincidence electron-neutron events. This fitting process was
complicated by the poor signal to noise ratio which ranged from ~ 1:3 at the 0
MeV/c recoil momentum point, to a ratio as poor as ~ 1:15 at the 165 MeV/c
recoil momentum point. A fitting technique involving knowledge of the peak
shape was developed to allow extraction of the number of counts from spectra
having these poor signal to noise ratios.
The TOF spectra were exported from the Q histogramming package to
the HBOOK format supported by the Physics Analysis Workstation (PAW)
package, t51!

PAW is a software package that allows for the interactive

analysis and graphical display of data. Development of PAW began at CERN
in 1986 and the code is in use at a number of sites in the high energy and
nuclear physics community. PAW consists of a number of different tools, but
the portion of PAW that is of greatest interest to the fitting of peaks to data
is MINUIT. t52l MINTJIT is best .described by this quote from the abstract to
it’s user guide: ’’MINUIT is conceived as a tool to find the minimum value of
a multi-parameter function and analyze the shape of the function around the
minimum. The principal application is foreseen for statistical analysis, working
on chi-square or log-likelihood functions, to compute the best-fit parameter
values and uncertainties, including correlations between the parameters. It
is especially suited to handle difficult problems, including those which may

I51] B. Brun, O. Couet, C. Vandoni and P. Zanarini, PAW - T he Complete Reference, CERN
Program Library Entry Q121, CERN (1989).
l52l F. James and M. Roos, CERN Program Library Entry D506, CERN (1989).
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require guidance in order to find the correct solution”. PAW was used to read
the spectra in from HBOOK files, histogram the data and provide PostScript
output. MINUIT was used in interactive mode to set initial values for the
parameters being fit, lock (i.e., fix the parameter value as a constant) and
unlock parameters during the fit and to optimize the free parameters to obtain
the best chi-square.
The six parameters that were fit to the TO F spectra are outlined below:
1) BACK-HEIGHT. The height of the background (assumed to be a linear
function of the channel number) in units of counts.
2) BACKJSLOPE. The slope of the background.
3) AREA. The area under the shape describing the two TOF peaks, in units
of counts.
4) CENTROID. The centroid of the shape describing the two TOF peaks, in
units of channels.
5) SMEARING. The value of sigma for the Gaussian of unit area which was
folded with the shape describing the two T O F peaks, in units of channels.
6) ASYMMETRY. The asymmetry of the Gaussian with unit area which was
folded with the shape describing the two T O F peaks. The asymmetry is defined
as an offset which is added to one side of the Gaussian folded with the shape
from MCEEP. The asymmetry may be a negative value.
The TOF spectra were fit using the following procedure:
1) Initial values for all six parameters were set based an a rough estimate rind
all parameters were locked.
2) Each parameter was individually released and optimized using the SCAN
function of MINUIT. This optimization was performed to set more reasonable
starting parameters then were obtained in step one above.

C o u n ts
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3) Parameters BACK.HEIGHT and BACKJSLOPE were allowed to vary and
an optimization using the MIGRAD function of MINUIT was performed.
4) The two parameters describing the background were locked (to save com
puting time) and the parameters AREA and CENTROID were optimized using
MIGRAD.
5) The remaining parameters were released and optimized.
6) The errors on each of the parameters was calculated using the HESSE
function of MINUIT.
A few comments about the functions of MINUIT used in the above steps are
in order. The SCAN function optimizes one parameter, while leaving the other
parameters fixed. This command is not intended for minimization, but rather
for finding a reasonable starting value for a parameter. The MINOS function
uses a variable parametric method with inexact line search, a stable metric
updating scheme, and checks for positive-definiteness. MINOS requires good
knowledge of the first derivatives of a function and may fail if these derivatives
are inaccurately known. The errors on each of the fit parameters was obtained
by using HESSE. HESSE calculates the error m atrix by the technique of finite
differences. It calculates the full matrix of the second derivatives with respect
to the variable parameters and inverts the matrix.
The TOF spectra after fitting are shown in Figure 4.25. The values of the
fit parameters are shown in Table 4.6.

4.6.2 Calculation of the Measured Cross Sections

This section explains how the acceptance averaged cross sections were cal
culated from the analyzed data. The experimental values listed in Table 4.8
were obtained from the following formula:
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Fit parameters from MINUIT for the TOF spectra.
Recoil Momentum (MeV/c)
Background height (counts)
Background slope (counts/chan)
Area (counts)
Sigma (chan)
Recoil Momentum (MeV/c)
Background height (counts)
Background slope (counts/chan)
Area (counts)
Sigma (chan)

-43.6
29.9 ± 0.9
-0.30E-02 ± 0.21E-02
300.4 ± 35.0
5.4 ± 0.8
53.4
65.6 ± 1.3
-0.37E-01 ± 0.30E-02
603.3 ± 57.2
3.8 ± 0.9

0.51
86.2 ± 1.3
-0.64e-02 ± 0.29e-02
1140.3 ± 68.0
5.8 ± 0.7
95.7
55.6 ± 1.2
-0.82E-02 ± 0.29E-02
290.5 ± 49.5
3.0 ± 0.0

Recoil Momentum (MeV/c)
Background height (counts)
Background slope (counts/chan)
Area (counts)
Sigma (chain)

132.4
17.3 ± 0.6
-0.24E-03 ± 0.14E-02
112.2 ± 35.6
2.8 ± 0.0

165.2
20.6 ± 0.77
-0.27E-01 ± 0.18E-02
76.2 ± 42.3
2.6 ± 0.0

T able 4.6

d 5tr
dwdfledfin

Fit parameters from MINUIT for the TO F spectra.

Yield

[Acceptances]

"Corrected Counts

f

i
1 1
A n eA n nAu;a

(4.21)

The yield, integrated over the amount of time the data were acquired, to, is
the number of corrected counts (prior to correction for radiative effects). The
integrated luminosity £ •t was defined in Equation 4.8. These corrected counts
were used to compute the cross section in the absence of radiative effects. The
corrections which m ust be made to the measured cross sections to account for
radiative effects will be presented in Chapter 5.
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Raw counts = (Corrected counts) x (Taping fraction) x
(Track reconstruction fraction) X

(4.22)

(TDC deadtime correction fraction)
where the number of true coincidence counts in the TOF spectra is denoted by
“raw counts” .
The “Taping fraction” corrects for the deadtime of the trigger electronics,
the one-coincidence event per beam burst taping limitation of the data acqui
sition system and the computer deadtime (which was very low). The “taping
fraction” is equal to the number of raw triggers divided by the number of taped
triggers. The taping fraction varied slightly from run to run, but the nominal
value was 0.83.
The “Track reconstruction factor” corrects for the efficiency of the algo
rithm that reconstructs the tracks of the particle in the OHIPS focal plane
from the hit pattern in the wire chambers. Every pattern in the wire chambers
with three or four hits should have corresponded to a valid particle track. If
more than one electron passed through the wire chambers during the event or
if the delay lines were noisy, a hit pattern that could not be reconstructed into
a good track could have been generated. This track reconstruction efficiency is
equal to the number of events in which a track was successfully reconstructed,
divided by the number of events in which three or four wires were hit. The
nominal value of this track reconstruction efficiency in OHIPS was 0.83.
The measured efficiency, e, of the neutron detectors for each of the kine
matics is given in Table 4.7. This efficiency was calculated by a Monte Carlo
simulation which averaged the calculated neutron efficiencies from the associ
ated production d(7 ,pn) experiment over the d(e,e'n)p acceptances. This av
erage efficiency differed from the central value by a few percent. These values
correspond to a software cut of 4 MeVee on the neutron ADC pulse height spec
tra. The method of measuring the neutron detection efficiency was discussed
in Section 4.3.1.
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The following acceptances were used; for OHIPS: Af2e = 2.48 x 10 ” 3 msr,
for NPOL: A fin 9.69 x 10“ 3 msr and Au> ranged from 27.67 to 23.26 MeV over
the kinematics.
T able 4.7

Recoil
Momentum
(MeV/c)
-43.6
0.51
53.4
95.7
132.4
165.2

Measured cross sections.

Area of
TOF peaks
(counts)

vV
per degree
of freedom

300 ± 36
1140 ± 68
603 ± 57
291 ± 50
112 ± 36
76 ± 4 2

1.13
1.03
1.03
1.08
1.04
1.04

T able 4.8

Recoil
Momentum
(MeV/c)

TDC
Deadtime

-43.6
0.51
53.4
95.7
132.4
165.2

0.99
0.98
0.99
0.98
1.00
0.97

e
<§) 4 MeVee
(%)
4.02
4.52
5.17
5.68
6.10
6.47

Taping
Fraction
Correction
0.842
0.835
0.838
0.906
0.926
0.992

OHIPS
VDCx
Correction
0.808
0.822
0.893
0.805
0.786
0.796

Measured cross sections.

Awe

Corrected
Counts

(MeV)
15.81
15.36
14.64
13.96
13.29
12.65

11087 ±
37433 ±
16869 ±
7169 ±
2522 ±
1533 ±

1303
2233
1595
1232
811
847

Cross
Section (<t)
(nb/M eV/sr2)
15.2 ± 1.8
29.8 ± 1.8
10.7 ± 1.0
2.79 ± 0.48
1.64 ± 0.53
0.651 ± 0.38

Sa/cT
(%)
11.8
6.0
9.3
17.2
32.3
58.4

Chapter 5

Results and Conclusions

This Chapter presents the results of the data analysis described in Chapter
4. The technique by which the theoretical model was integrated over experimen
tal acceptances will be described. The generation of the radiative corrections
via a Monte Carlo code which were applied to the measured cross sections will
be shown. The radiatively-corrected cross sections will be compared to the
acceptance averaged theoretical cross sections and the level of agreement be
tween them will be discussed. Comments about the importance of radiative
corrections and techniques for performing them accurately will be made. The
requirements of future experiments to measure the recoil momentum via the
d(e,e'n)p reaction will also be presented.

5.1 Theoretical Calculations of the Cross Section

This section describes how the theory developed in Chapter 2 was applied to
calculating the d(e,e'n)p cross section at the kinematics used in this experiment.
The theory needs to be averaged over the experimental acceptances in order
to make a meaningful comparison between the measured cross sections and the
theory. It is also very useful to be able to make histograms of various kinematical
quantities for idealized experimental equipment with finite acceptances. The
framework in which these calculations of the theoretical cross section were made
is the Monte Carlo code MCEEP, developed by Paul Ulmer of CEBAF. I53l
MCEEP and various extensions that were made to it will be described in
this section. A description will be given of the procedure for computing the
radiative correction factors for each of the six recoil momentum points.
[S3] p g Ulmer, MCEEP - Monte Carlo for Electro-Nuclear Coincidence Experiments,
CEBAF-TN-91-101 (1991).

(106)
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5.1.1 MCEEP

MCEEP was developed to simulate coincidence (e,e'X) experiments by av
eraging theoretical models over experimental acceptances using a Monte Carlo
technique. The experimental acceptances are randomly populated by their
phase spaces and then weighted according to their physical likelihood, rather
then using a “true” Monte Carlo which would populate the phase space by
it’s physical probability. The code was developed with the intent of making
the addition of new theoretical models, kinematical quantities and histograms
straightforward. Calculations for elastic scattering and for (e,e'X) to bound
states of the residual system may be performed in MCEEP. In a bound state
calculation, a five dimensional integral is performed and the bound state missing
mass (2.2 MeV for deuterium) along with the values of five other kinematical
quantities are used to calculate the ejectile (X) momentum.
The inputs to MCEEP consist of the following:
1) A theoretical model describing the physics. A parameterization of the
factorized cross section by Krautschneidert25! along with response functions
generated by Hartmuth Arenhovel

were used in this analysis.

2) A description of the incident beam and the target. Effects due to param
eters such as beam smearing, beam defocussing and other resolution functions
may be studied in MCEEP. Interaction of the beam with an extended target
cell, such as liquid or gas target cells, may be modeled in MCEEP.
3) The kinematics describing the reaction. The energy or momentum, along
with the in-plane and out-of-plane angles of the incident electron, the scattered
electron and the ejected hadron are supplied to MCEEP.
4) The description of the experimental acceptances includes information

t54] H. Arenhovel, Private communication (1992).
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about the momentum acceptance, the shape of the aperture, and the angular
acceptance of both the electron and hadron arms.
5)

Software cuts may be applied to all histograms, or any subset of the

histograms generated within MCEEP,
The output of MCEEP consists of a summary file describing the statistical
population of kinematical variables, the coincidence cross section, the coinci
dence counting rate and user selected histograms of any calculated kinematical
quantity.

5.1.2 In te rp o la tio n over A renhovel’s R esponse F unctions

Arenhovel provided a grid of over 4,000 structure functions which were
differential in terms of the incident electron energy, the scattered electron energy
and the electron scattering angle. These structure functions were interpolated
within MCEEP to allow the theoretical cross section to be averaged over the
experimental acceptances. Details on the generation and use of these structure
functions will be presented in this section.
The cross section, in the one-photon-exchange approximation was devel
oped in Section 2.5. The in-plane, unpolarized, differential cross section as
written by Arenhovel was written in Equation 2.29.t16l
Comparison of the experimental cross section and the theoretical cross sec
tion requires that both be differential in the same variables. The experimental
cross section was differential in the neutron solid angle in the laboratory frame,
but the theoretical cross section calculated by Arenhovel is differential in the
center-of-mass solid angle defined by

and

the angles of of the n —p

motion relative to qc,m\
MCEEP required that the five-fold differential cross section be differential
in the neutron solid angle. It was necessary to convert the cross section in
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Equation 2.29, which was differential in the center-of-mass angle between the
recoiling proton and the scattered neutron, to a cross section differential in the
scattered neutron solid angle in the laboratory frame. This conversion may be
written as:

d s <r

d S£7

dwlabd f l 1eabdfl*1ab “ diolabdQleabdti%™-

d5a

dSlc-m
np

du>labd£lleabdn%™-

d il If6

(5.1)

This Jacobian is written as: lS5l

_ an*™“ s n jf6
nlab Wn^ab
^labixr
/Z L _ V _ -£ Z _ n ■ * W
“ VpC.mJ glob y1 'r 2pym.Rlab cos unp )
_

(5*2)

—

where pjab is the magnitude of the final neutron three-momentum in the
lab frame, p f ,m' is the magnitude of this three-momentum in the center-of-mass
frame. W is the invariant mass of the final n —p state and can be written as

W = Mn + Mp + E‘pra-

(5.3)

The relativistic energy of the n —p pair in the lab frame is expressed as:

Elab = 0 V 2 + (qj»b)a
The structure functions (repeated from Equation 2.34), written as:

H. Arenhovel, Nucl. Phys. A 384, 287 (1982).

(5.4)
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were computed by Arenhovel with the input to his calculation being in terms
of the incident electron energy, the scattered electron energy and the electron
scattering angle. The Galster parameterization was used for Gjj.. The four
structure functions were generated for each value of the parameters shown in
Table 5.1 and at each of the four physics models discussed in Section 5.1.3. The
complete calculation by Arenhovel consisted of generating over 4,000 response
functions.

T able 5.1

Parameters for generation of Arenhovel’s structure functions.

Parameter
■Dc.m.
^np

Scattering angle
^c.m .

Units
MeV
Degrees
Degrees

'

Values
304, 314, 324, 334, 344, 354, 364,
374, 379, 384, 389, 394, 404, 409
45.40 47.00 48.60
0, 5, 10, 15, 20, 25, 30, 40, 50,
60, 70, 80, 90, 100, 110, 120, 130
140, 150, 155, 160, 165, 170, 175, 180

All of the response functions computed by Arenhovel were entered into
MCEEP and an interpolation routine within MCEEP was used to compute
intermediate values of the structure functions.

Chapter 5: Results and Conclusions

111

5.1.3 Role of Final-State Interactions

The model used by Arenhovel includes effects due to final-state interactions,
MEC and IC in the calculation of the response functions. The effects from each
of these three processes is computed separately, so that it is possible to study
the effect of a subset of these processes. The inclusion of all these terms made
a difference of < 3% to the cross section at the 0.51 MeV/c recoil momentum
point and a difference of ~ 24% at the highest recoil momentum point of 165.0
MeV/c.
Table 5.2 shows deviations in the cross section for the following four models:
Model 1) The “normal* response functions mentioned above.
Model 2) The first Born approximation using plane waves for the scattering
state (PWBA). The initial deuteron wave function is treated as a coherent sum
over S and D wave components. Effects from photon absorption on both the
neutron and the proton are included.
Model 3) “normal” + FSI + MEC.
Model 4) “normal” + FSI + MEC + IC.
The model which was used in the computation of the theoretical cross
sections was model 4, ‘normal” + FSI + MEC + IC, because it was the most
complete model and was believed to be the most accurate description of the
processes present in this reaction.

5.1.4 Comparison of Krautschneider and Arenhovel Models

The Krautschneider momentum distribution is shown vs. recoil momentum
in Figure 5.1 along with the momentum density of Bernheim. The occupa
tion density was normalized to unity in the Krautschneider parameterization,
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Calculation of the cross section with different processes.

Arenhovel
Difference
Difference
Difference
Recoil
Cross Section between models between models between models
4 and 1
4 and 3
4 and 2
Momentum for model 4
(MeV/c) (nb/M eV/sr2)
(%)
(%)
(%)
2.3
-43.6
12.5
12.6
0.0
26.7
1.0
0.51
0.0
2.6
2.1
53.4
0.0
6.56
1.0
1.02
1.9
5.4
95.7
2.7
132.4
10.2
9.6
0.275
5.5
165.2
8.6
23.7
0.109
14.8

(jd£|*(p,)P = i).

Figure 5.2 shows a comparison between two MCEEP analyses, one using the
Krautschneider parameterization of the momentum distribution obtained from
the d(e,e'p)n measurement made by Krautschneider et al.and the other involv
ing an interpolation over the response functions from Arenhovel, A comparison
between the cross sections obtained using the Krautschneider parameterization
and those obtained from the interpolation over Arenhovels structure functions
is made in Table 5.3. There is a 1.04% difference between these two models at
the top of the quasi-elastic peak and the largest deviation between these models
occurs at a recoil momenta around 100 MeV/c. This level of agreement between
Arenhovel and the Krautschneider parameterization is good enough to permit
the Krautschneider parameterization to be used for computing the radiative
corrections as will be described in the following section. The Krautschneider
parameterization was used for evaluating these corrections because the limited
phase space available in the grid of structure functions from Arenhovel.
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Table 5.3

Krautschneider and Bernheim momentum distributions

Results from MCEEP using Krautschneider and Arenhovel inputs.

Recoil
Momentum
(MeV/c)
-43.6
0.51
53.4
95.7
132.4
165.2

Krautschneider
Cross Section
(nb/M eV/sr2)
12.7
27.7
7.13
1.16
0.309
0.113

Arenhovel
Cross Section
(nb/M eV/sr2)
12.6
26.7
6.56
1.02
0.275
0.109

Ratio of
Krautschneider to
Arenhovel
1.01
1.04
1.09
1.14
1.12
1.04
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5.1.5 C alculation o f th e R adiative C orrections

The following technique was used to compute the radiative correction fac
tors for the experimented cross sections.
1) The spectrometer acceptances were populated by MCEEP.
2) The “vertex” kinematics were calculated separately before and after the
vertex based on knowledge of the spectrometer values for the electron’s initial
and final momentum and energy, and the neutron’s final momentum and energy.
3) If the energy of the radiated photon was greater than a limiting value,
A, the probability T of emitting a photon of that energy was computed using
the approximation given by Equation 2.52.
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F igure 5.3 MCEEP generated histogram of omega (the electron energy
transfer) for all six measured points of the recoil momentum with a ± 3.5 cut
on the acceptance of OHIPS
4) If the energy of the radiated photon was less than A, then the probability
was calculated according to Equation 2.53.
5) The cross section was calculated using Equation 2.57 at each point of
the acceptances, and then summed and averaged to determine the yields.
6) The radiative correction was calculated as the ratio of the radiatively
uncorrected yield to the corrected yield.
Table 5.4 shows the radiated and unradiated yields and the corrections for
the cross sections at the six values of the recoil momentum.
The sensitivity in the yield to the choice of the low energy cutoff, A, used
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The radiative yields and corrections.

Recoil Momentum
(MeV/c)

Unradiated Yield
(counts/sec)

-43.6
0.51
53.4
95.7
132.4
165.2

0.222E+01
0.549E+01
0.121E+01
0.213E+00
0.504E-01
0.200E-01

Radiated Yield
(counts/sec)
0.159E+01
0.440E+01
0.137E+01
0.413E+00
0.167E+00
0.106E+00

Radiative
Correction
1.39
1.25
0.885
0.515
0.303
0.188

in Equation 2.53 was studied by selecting several values of A (0.5, 1.0, 2.0
and 5.0 MeV) and determining the radiated cross section for each value of A.
Convergence was obtained for A = 1.0 MeV and this value was used in the
computations. The value of the radiated cross section changed by less than 1%
for the three lowest values of the cutoff A used.

5.2 T h e M e asu red C ross Sections

In order to compare the measured cross sections from Section 4.6.2 to the
theoretical model, the measured cross sections are corrected for radiative ef
fects using the radiative correction factors calculated in the previous section.
The corrected cross sections will be plotted vs recoil momentum. Comments
regarding the sensitivity of the cross sections to the software ADC thresholds
on the neutron detectors will be made. The systematic errors will be evaluated,
and the total error bars on the measured cross sections presented.

5.2.1 D ependence on N e u tro n A D C T h resh o ld

Extraction of the experimental cross section is dependent on knowledge
of the neutron detector efficiency. This efficiency in turn, is dependent on the
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software ADC thresholds used during replay. The hardware ADC threshold was
set at 1 MeVee. As the software ADC threshold is lowered the total number of
counts in the spectrum is increased, but the signal to noise ratio decreases. The
optimum software ADC threshold would provide a reasonable signal to noise
ratio while keeping as many counts as possible in the spectrum to increase the
statistical accuracy. The same ADC thresholds were used for analysis of the
efficiency measurement data and the d(e,e'n)p cross section. Because the same
ADC thresholds were used in both of these measurements the extracted cross
section is insensitive to the selection of ADC threshold.
A study of the dependence of the cross section on the software ADC thresh
old was carried out and the details of this study may be found in the dissertation
of M arkow itz.S oftw are ADC thresholds of 2.0, 4.0 and 6.0 MeVee were used
in the replay of the data and the resulting TOF peaks were hit. The cross
section was found to not depend on the software ADC threshold. At a software
ADC threshold of 2 MeVee the cross section (in nb/MeV-sr2) was found to be
31.1 ± 1.6, at 4 MeVee to be 33.3 ± 1.7, and at 6 MeVee to be 32.7 ± 1.5.
Because the variation in the extracted cross section was less than the statistical
error in the cross section, the experimental cross section was determined to be
independent of the software ADC threshold. A software ADC threshold of 4
MeVee was used in this analysis, as it was found to provide the optimum trade
oif between the signal to noise ratio and the statistical accuracy.

5.2.2 Discussion of Systematic Uncertainties

The values of the systematic errors that are common to all of the points
are shown in Table 5.5. The errors associated with the target thickness, beam
current, solid angle, scattering angle and incident beam energy were determined
by Markowitz who varied the inputs to MCEEP and observed the change in the
cross section. The uncertainty in the neutron detection efficiency was discussed
in Section 4.3.1. The uncertainty in the radiative correction was presented
in Section 2.6.3 and varies at each point. This uncertainty in the radiative
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correction is shown in Table 5.6.

Quantity
Scattering angles
Beam current
Solid angle
(p,n) reactions
Target thickness
Beam energy
Y target cut
Neutron detection efficiency
Total systematic uncertainty
(common to all points)
Table 5.5

Systematic uncertainties in the cross section.

Recoil Mom. (MeV/c)
Radiative corrections (%)
Total systematic uncertainty {%)
Table 5.6

Uncertainty (%)
±0.1
±0.5
±0.6
±0.9
±1.0
±2.0
±3.3
±3.4
±5.4

-43.6
±1.4
±5.6

0.51 53.4 95.7
±2.5 ±3.7 ±7.4
±5.9 ±6.5 ±9.1

132.4 165.2
±9.5 ±10.6
±10.9 ±11.9

Total systematic uncertainties in the cross section.

5.3 D iscussion o f R esu lts a n d C onclusions

Table 5.7 shows the experimental cross sections from Section 4.6.2 after
radiative corrections from Section 5.1.5 were applied. The ratio between these
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measured cross sections and the theoretical cross sections from Arenhovel are
also shown in Table 5.7. This data represents a recoil momentum dependence of
the cross section, not a recoil momentum distribution. As the recoil momentum
is increased the ratio of events that are coming from radiation at the top of the
quasi-elastic peak to those coming from the local momentum distribution in
creases from ~ 1:5 to ~ 5:1. These events resulting from the radiative emission
of an electron at the top of the quasi-elastic peak (where the counting rate is
about three orders of magnitude greater than that at the highest recoil momen
tum points shown in Figure 5.3) represent a non-local momentum distribution.
The non-local nature of these large corrections to the cross section prevents the
extraction of a local momentum distribution.
T able 5.7 Experimental cross sections after radiative corrections.

Recoil Momentum
(MeV/c)

Experimental
Cross Section
(nb/M eV/sr2)
(± stat. ± syst.)

Arenhovel
Cross Section
(nb/M eV/sr2)

Ratio of
Experiment to
Theory

-43.6
0.51
53.4
95.7
132.4
165.2

21.1 ± 2.5 ± 1.2
37.2 ± 2.2 ± 2.2
9.49 ± 0.90 ± 0.62
1.44 ± 0.25 ± 0.13
0.496 ± 0.16 ± 0.05
0.123 ± 0.07 ± 0.02

12.6
26.7
6.56
1.02
0.275
0.109

1.68
1.39
1.45
1.41
1.80
1.13

The theoretical and measured cross sections differ by ~ 39% at the top of
the quasielastic peak. Figure 5.4 shows the measured cross sections with and
without radiative corrections plotted vs the cross sections calculated from the
theory of Arenhovel to emphasize the importance of making these corrections.
Figure 5.5 shows the radiatively corrected measured cross sections plotted vs
Arenhovel and vs Arenhovel x a factor of 1.42 which was obtained by calculating
the best fit of the measured to theoretical cross sections.
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Measured cross sections with and without radiative corrections

This factor of 1.42 averaged over the kinematics is in good agreement with
the measurement of Markowitz. The deviation from theory at the top of the
quasielastic peak of ~ 39 ± 12% from this measurement is in good agreement
with the analysis of Markowitz who saw a ~ 29 db 8% deviation from theory at
these kinematics. The Markowitz analysis differs in several respects from the
present analysis, most notably in that he did not apply cuts to the target cell
as these cuts were not required for his kinematics.
The results of Markowitz appear to be be in good agreement with the world
data set on G£,. Markowitz’s results are plotted vs. the world data set in Figure
5.6. (561The dot-dashed curve labeled ‘Mainz’ in Figure 5.6 is an empirical fit

[S61 Markowitz et at.
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Measured cross sections and Arenhovel theory

to proton scattering data, normalized by the neutron magnetic moment.
The dashed curve labeled ‘Gari-Krumpelman’

is a semiphenomenological

synthesis of meson and quark dynamics, and the short dashed curve labeled
‘Hohler 8.2’ I59) is based on an extended model of vector dominance.
This experiment was successful in making the first measurement (to the best
of our knowledge) of the recoil momentum dependence of the d(e,e'n)p cross
section. The measured cross sections at zero recoil momentum are consistent
with the previous measurement of Markowitz et al. The shape of the recoil

t57) G.G. Simon et al., Nucl. Phys. A 333, 381 (1980); G.G.Simon et al., Nucl.Phys. A 364,
285 (1981).
M. Gari and A. Krumpelmann, Z. Phys. A 322, 689 (1985).
l5Bl G. Hohler et al., Nucl. Phys. B 114, 505 (1976).
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F ig u re 5.6 The ratio of the neutron magnetic form factor, G ^ , to the
dipole fit versus Q2. The inner (outer) error bars on the solid circles axe statis
tical (total) uncertainties from the present work. The hollow squares are from
Hughes et a ll80!, the diamonds are from Grossetete et a ll61!, the asterisks are
from Braess et a ll62!, the X’s are from Hanson et a ll63!, the hollow circles are
from Budnitz et a l l 64!, the stars are from Bartel et a ll65!, and the triangles are
from Stein et a ll66!. The text describes the fits. The data of Hughes et al. and
Braess et al. have been displaced slightly to improve readability.
momentum dependence of the radiatively corrected cross section agrees with
the shape of the theoretical model from Arenhovel.
Development of a new probe is best accomplished where one can crosscalibrate against complimentary probes for which accurate theoretical models
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exist. The d(e,e'n)p reaction was chosen for development of the (e,efn) probe
because there are relatively complete theoretical models of the deuteron. Mea
surements of the momentum distribution in deuterium using (p,2p) and (e,e'p)
probes provided a means of comparing our measurments to those made via
these probes.
Ejected protons are much easier to detect than neutrons in an electron
scattering environment and the (p,2p) and (e,e'p) reactions remain the probes
of choice for studying the momentum distribution of deuterium. The (e,e'n)
probe when fully developed will allow studies of the neutron distribution in
complex nuclei such as 160 to be made by the coincidence detection of scattered
electrons and the ejected neutrons.
This experiment was limited by poor statistics and the need to apply large
radiative corrections to the measured cross sections. These large radiative cor
rections resulted from not choosing kinematics to minimize the contribution of
radiative effects and by the limited duty factor of the accelerator. The experi
mental difficulties in this experiment could be overcome by future measurements
that address the points raised in the next section.

5.4 Future Work

Many of the experimental factors which limited this measurement will be
addressed in experiments which are planned to run within the next few years.
Bates experiment 89-04 will measure the electric form factor of the neutron
using the same experimental technique involving polarization observables that
Bates experiment 85-05 used. An extension of experiment 89-04 will measure
the magnetic form factor of the neutron. The experiment will be run with a
higher duty factor beam (~ 80 %) which will provide a lower background from
accidentals in the TOF spectra. CEBAF experiment 89-05 will be run shortly
after the commissioning of the experimental equipment in Hall C.
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In a future measurement of the recoil momentum dependence the following
items would assist in making a more accurate measurement of the cross section:
1) To work at a higher incident electron energy and work towards the elastic
peak. Radiation from electrons at the top of the quasielastic peak (where the
count rate is the highest) populates bins at higher recoil momenta, thus working
towards the elastic peak will help minimize the contributions to the cross section
from radiative effects.
2) Better techniques for calculating radiative corrections are needed. These
computational tools would allow a test of the peaking approximation to be
made.
3) Use a higher duty factor accelerator in order to reduce the background
arising from accidental coincidences.
4) A longer flight path for the neutron would result in better neutron energy
resolution. This experiment essentially had NO energy resolution in the neutron
detectors. Neutron energy resolution would allow tighter cuts to be placed on
the data and the TOF peak arising from the radiative effects to be removed.
5) Higher statistics are required for more accurate measurements of the
recoil momentum dependence of the d(e,e'n)p cross section. The total running
time of this experiment with a 1% duty factor machine was ~ 16 hours. A run
of several days with a 100 % duty factor machine would allow for much smaller
statistical errors.
It should be noted that all of these improvements are obtainable in the next
few years.
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C.Hyde-Wright<9\ W.-D.Jiang<9>, D.Keane<2>, J.J.KeUy<7>, W.Korsch<5>,
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^^The College of William &c Mary, Williamsburg, Virginia 23187-8795
(2^Kent State University, Kent, Ohio 44242
(3) Johannes Gutenberg-Universitat, D-W-6500 Mainz, Germany
(4) University of Virginia, Charlottesville, Virginia 22904
(5) Massachusetts Institute of Technology and Bates Linear
Accelerator Center, Cambridge, Massachusetts 02139
(6) Indiana University Cyclotron Facility, Bloomington, Indiana 47408
(^University of Maryland, College Park, Maryland 20742
(®)The American University, Washington, D.C. 20016
(^University of Washington, Seattle, Washington 98195
(10)CEBAF, Newport News, Virginia 23606
(■^Gettysburg College, Gettysburg, Pennsylvania 17325
(12>Physikalisches Institut Universitat Bonn, 5300 Bonn, Germany
(13^Hampton University, Hampton, Virginia 23668
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Appendix B
Format of Recorded Data

Word
Count
1-2
3
4
5-6
7
8
9-20
21-22
23-34
35-46
47-48
49-50
52-67

Word
Representation
Header (not included in data array)
Beam Helicity
60 Hertz pattern
Helicity latched by OHIPS (24 bit word)
Event Trigger word
Neutron Polarimeter Flag
ADC Pulse Height for Neutron Det. 1-12
ADC spares (not used)
TDC Time-of-Flight for Neutron Det. 1-12
TDC Position for Neutron Det. 1-12
TDC spares (not used)'
Beam Helicity (24 bit word)
VDCX TDC’s

Table B .l

Coincidence event word structure.
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Appendix B: Format of Recorded Data

Word
Count
68
69
70
71
72
73
74-75
76
77
78
79
80
81
82
83
84
85
86-87
88-89
90
91
92
93
94
95

Word
Representation
ADC Scintillator SOA
ADC Scintillator SOB
ADC Scintillator S1A
ADC Scintillator SIB
ADC Scintillator S2
ADC Cerenkov
ADC spares (not used)
TDC Scintillator SOA
TDC Scintillator SOB
TDC Scintillator Si A
TDC Scintillator SIB
TDC Scintillator S2
TDC Scintillator SOMT
TDC Scintillator S1MT
TDC spare (not used)
TDC Cerenkov
TDC spare (not used)
Pile-up (24 bit scaler)
Helicity (24 bit scaler)
Flag
ADC BT1
ADC BT2
Helicity
ADC Pivot Halo
ADC Moller Halo

T able A .l Coincidence event word structure (continued)
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Appendix B: Format of Recorded Data

Word
Count
1-2
3-14
15-26
27-29
30-38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

Word
Representation
Header (not included in data array)
NPOL Scalers for Det. 1 - 1 2 (gated on no anti)
NPOL Scalers for Det. 1 - 1 2 (gated on triple)
NPOL Antis: front, bottom, top
Spares (not used)
SNTRIG (ungated NPOL trigger)
SNPS (NPOLO prescale)
SNPU (NPOL pile-up)
SNELT (NPOL external logic trigger)
SOTG (ungated OHIPS trigger)
SOPS (OHIPS prescale)
SOPU (OHIPS pile-up)
SOELT (OHIPS external logic trigger)
SCTRIG (coincidence trigger)
SC1PB (coincidence 1 per burst)
SLAM (LAM, Look at Me)
Spare (not used)
SNPUGL (ungated NELT, beam left hel.)
SNPUGR (ungated NELT, beam right hel.)
SNPGL (gated NELT, left hel.)
SNPGR (gated NELT, right hel.)
SOTGL (ungated OHIPS trig, left hel.)
SCTRGL (coin. trig, left)
SOTGR (ungated OHIPS trig, right hel.)
SCTRGR (coin. trig, right)
SBM (beam bursts)
SEVT9 (number of evt. 9 trig.)
SEVT10 (number of evt. 10 trig.)
SGUN (gun pulse scaler)
SBT1 (beam toroid 1 TTL)
Table B.2

Scaler event word structure.
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Appendix B: Format of Recorded Data

Word
Count
64
65
66
67
68
69
70
71-86
87
87
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

Word
Representation
SBT2 (beam toroid 2 TTL)
Scint. SOA Scaler
Scint. SOB Scaler
Scint. Si A Scaler
Scint. SIB Scaler
Scint. S2 Scaler
Cerenkov Scaler
VDCX delay lines 1-16 Scalers
Cerenkov Scaler
ungated OHIPS trigger
ungated S0MT (downstairs)
ungated SlM T (downstairs)
gated OHIPS events
ungated OHIPS events
ungated OHIPS w / cerenkov
Spare (not used)
Beam Toroid BT1 (TTL)
Beam Toroid BT2 (TTL)
Run and Beam left
Run and Beam right
ungated S0MT (upstairs)
ungated SlM T (upstairs)
OHIPS rim gate left hel.
OHIPS run gate right hel.
OHIPS gated, run left hel.
OHIPS gated, run right hel.
Beam Toroid BT1 (NIM)
Beam Toroid BT2 (NIM)
Run and beam
Beam Toroid BT2 left hel.

Table A .2 Scaler event word structure (continued)
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Appendix B: Format of Recorded Data

Word
Count
109
110
111-112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

Word
Representation
Beam Toroid BT2 right hel.
OHIPS pile-up
Spares (not used)
Scaler Cerenkov 1
Scaler Cerenkov 2
gated Moller events
ungated Moller events
ungated Moller events hel. left
ungated Moller events hel. right
BT1
BT1 hel. left
BT1 hel. right
BT2
BT2 hel. left
BT2 hel. right
run and beam (NIM)
number of evt. 4 triggers (NIM)
helicity left (NIM)
helicity right (NIM)
gated event 6 hel. left
gated event 6 hel. right
ungated event 6 (50 nsec gate)
ungated event 6 (100 nsec gate)

T able A.2 Scaler event word structure (continued)
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ACRONYMS

ADC
CAMAC
CEBAF
DEC
ELSSY
FSI
IA
IC
LAMPF
LSM
MBD
MEC
MLU
OHIPS
PAW
PWIA
QCD
QED
TDC
VAX
VDCx
VMS

Amplitude to Digital Convertor
Computer Automated Measurement And Control
Continuous Electron Beam Accelerator Center
Digital Equipment Corporation
Electron Loss Spectrometer SYstem
Final-State Interactions
Impulse Approximation
Isobar Configurations
Los Alamos Meson Physics Facility
Linear Summing Module
Micro-programmable Branch Driver
Meson Exchange Currents
Majority Logic Unit
One Hundred Inch Proton Spectrometer
Physics Analysis Workstation
Plane Wave Impulse Approximation
Quantum Chromo-Dynamics
Quantum Electro-Dynamics
Time to Digital Convertor
Virtual Address eXentsion
Vertical Drift Chamber - crossed
Virtual Memory System
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